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Abstract 
 
Migratory species use multiple habitats types and ecosystems to complete their life cycles, which 
exposes them to multiple human-caused stressors along their migratory routes. Overexploitation, 
habitat degradation, invasive species and connectivity loss have contributed to the decrease of 
migratory fishes globally in particular diadromous fishes that migrate between marine and 
freshwater systems. Therefore, understanding the joint impacts from anthropogenic disturbances 
and climate change on different habitats (e.g., both feeding and spawning grounds) and habitat 
connectivity (e.g., migration routes) is important for conserving migratory fish. 
 
Management will be most effective when management scales match ecological scales. This is 
particularly important for conserving migratory species, because of the requirement of multiple 
connected habitats that may cross local management boundaries. The main goals of this Ph.D. thesis 
are to quantify the impacts of multiple stressors on migratory fish species and prioritize 
management actions for conserving populations (chapters 2 & 3), species (chapter 4), and 
communities (chapter 5). 
 
A central challenge for managing diadromous fishes (species that migrate between freshwater and 
saltwater ecosystems) is to quantify increases in population persistence from actions that improve 
connectivity or reduce fishing mortality. In chapter 2, I used a population dynamic model and fish 
movement data to predict the interactive impacts of fishing pressure and connectivity loss by human 
modification of river flows on Australian bass Percalates novemaculeata. Then, in chapter 3, the 
monetary cost of management actions which included seasonal closures and restoring connectivity, 
were included in the model to find the most cost-effective way to conserve this fish population. The 
results reveal that the cost-effectiveness of management actions may vary with river flow and 
fishing pressure before implementing management actions, and implementation times. The spatio-
temporal dynamics of how fish species and key resource users (i.e., anglers) respond to 
management actions can influence the effectiveness of management strategies. Flexible 
management plans and increased cooperation between water and fishery managers can be used to 
achieve the most effective balance between conserving migratory fish populations and minimising 
cost. 
 
Migratory species are particularly vulnerable to climate change as they occupy different 
ecosystems, as well as transitional habitat which are all impacted by climate change differently. 
Anthropogenic barriers can further reduce the ability of species to respond to a shifting climate. In 
 ii 
chapter 4, I assessed the impact of climate change on the distribution of a migratory fish species, 
Australian grayling Prototroctes maraena, and how it affected priorities for restoring connectivity. I 
found climate change moves at different rates in marine and freshwater systems, decoupling the 
habitats used by grayling. In addition, the changing spatial distribution of suitable habitats in marine 
and freshwater systems altered the degree the species was exposed to other anthropogenic 
disturbances and changed the priorities for where to restore connectivity. 
 
In ecosystems that are vulnerable to human impacts, understanding how species assemblages 
respond to multiple disturbances is a key issue for conservation and environmental management. In 
chapter 5, I examined changes in fish community structure in Fiji, in response to deforestation, 
anthropogenic barriers and introduced species. My findings suggest that species traits can be used to 
predict species loss in modified environments, helps identify the impact of partially-confounded 
disturbances and may ultimately help tailor conservation actions for the most vulnerable species. 
 
This thesis disentangles the interacting impacts of multiple disturbances on migratory species. It 
outlines a quantitative approach to evaluate the cost-effectiveness of management actions, and the 
impacts of disturbances across different ecological and management scales. Simple but spatial 
explicit population model, habitat suitability model and trait-based surrogate were used to overcome 
the lack of adequate data for non-salmon diadromous species. In a broader sense, it demonstrates 
that by integrating stressors throughout a species’ life cycle can help to optimise conservation effort 
for migratory species. 
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1.1 General background 
 
1.1.1 Diadromous fish 
Migration entails a relatively long-distance movement in response to variation in resource 
availability, and is common in most major animal groups, including mammals, birds, fish, 
amphibians, reptiles and numerous invertebrate phyla (Dingle & Drake 2007). Migratory species 
are dependent on a connected chain of intact habitats for their persistence, a requirement which 
makes them vulnerable to human disturbances in both their habitats and also their migratory 
pathways (Iwamura et al. 2013). In general, habitat loss, migration barriers, overexploitation, and 
climate change have decreased the abundance and shrunk the geographic distribution of migratory 
species worldwide (Wilcove & Wikelski 2008).  
 
Diadromous fish migrate between freshwater and marine environments to complete their life cycle 
(McDowall 1988). There are three types of diadromous migration (Fig. 1.1); some fish migrate 
from the sea to freshwater to reproduce (anadromy), some migrate from freshwater to the sea to 
reproduce (catadromy) and some migrate between freshwater and the sea in a manner not associated 
with reproduction, but usually for feeding or avoiding predation (amphidromy) (McDowall 2007b). 
Anadromous species are generally more prevalent in temperate regions, where oceans are more 
productive than freshwater habitats. In contrast, many catadromous fish are found in the tropics 
where the productivity is higher in freshwater than the sea (Gross, Coleman & McDowall 1988). 
The marine larval stage provides amphidromous and some catadromous species a strong ability to 
colonize temporally unstable river habitats across oceanic islands (McDowall 2007b). 
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Fig. 1.1 Types of diadromy (a) catadromy, (b) anadromy, and (c) amphidromy. Note: this figure only shows the 
fundamental differences among three diadromy types with one representative species (native fish in Australia) for each 
type. The detailed life history (e.g., migration within freshwater or saltwater habitats) of specific species was not shown. 
 
Many diadromous fish species are important both ecologically (Naiman et al. 2002) and socio-
economically (Kuroki, Righton & Walker 2014). For example, four critical ecosystem services 
provided by diadromous fishes have been recognized, which include provisioning of protein and 
other products, linking terrestrial and marine ecosystems, supporting marine food chains and 
offering cultural value for both indigenous and nonindigenous people (Helfman 2007; Limburg & 
Waldman 2009). As a result, there is a vast body of research into diadromous fish biology, 
physiology, ecology, aquaculture and fisheries. However, impacts from anthropogenic disturbances 
or climate change are poorly understood (Nikolic et al. 2011). A complex life history and a large 
(a) 
(b) 
(c) 
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geographic range spanning different ecosystems makes investigating the impacts of threats (which 
often occur in different locations and with distinct patterns of timing) challenging. 
 
1.1.2 Threats to diadromous fish 
Diadromous fish require both freshwater and saltwater habitats, clear migratory pathways between 
these habitats and appropriate migratory cues (which initiate migration or guide direction) to 
complete their life cycle (McDowall 1992). This complex life history makes these species highly 
vulnerable to human threats and climate change, which vary in their impact across different life 
stages (Fig. 1.2). 
 
Fig. 1.2 Multiple stressors from human disturbances and climate change on diadromous fishes. Dotted line represents 
the impact of rainfall change and extreme event on estuaries (but relatively minor on oceans). 
 
Examples of anthropogenic threats in freshwater ecosystems include structures (e.g., dams, weirs, 
road-crossing, hydropower plants), habitat degradation (e.g., land-use change, pollution, 
channelization), flow modification (e.g., water abstraction, flow regulation, flood control), 
overexploitation, and invasive species (e.g., predation, competition, disease, genetic introgression) 
(Costa-Dias et al. 2009; Limburg & Waldman 2009; Mota, Rochard & Antunes 2016). Dams, weirs 
and hydropower plants in catchments interrupt migration by blocking access to upstream waterways 
or increasing migration mortality (Gehrke, Gilligan & Barwick 2002; Greathouse, Pringle & 
Holmquist 2006; Jansen et al. 2007; Rolls 2011). Pools or lakes created upstream of barriers 
decrease native lotic species and can favour invasive species (Johnson, Olden, & Vander Zanden 
2008; Cooney & Kwak 2013; Rolls & Sternberg 2015). Human water usage in upstream areas can 
modify migratory cues and downstream habitat through flow control (Gillanders et al. 2011). For 
example, tidal regulation can limit sea water intrusion into estuarine areas, potentially reducing 
suitable spawning grounds for Australian bass Percalates novemaculeata (Williams & Watford 
1996). The productivity of estuarine and coastal fisheries that target diadromous species is strongly 
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affected by river freshwater discharge (Gillson 2011; Meynecke & Lee 2011; Gillson, Suthers & 
Scandol 2012). Land-use changes such as urbanization or agriculture has modified or polluted 
important habitats along streams (Hein et al. 2011; Ramírez et al. 2012). Finally, invasive species 
and increased fishing pressure can impact populations in freshwater ecosystems (McDowall 2006). 
 
As in freshwater ecosystems, fishing and habitat degradation also threaten diadromous species in 
estuarine, coastal and marine ecosystems (Costa-Dias et al. 2009; Limburg & Waldman 2009; 
Mota, Rochard & Antunes 2016). Large-scale commercial fisheries usually occur in these areas and 
overexploitation has caused dramatic decline in many diadromous fish populations (McDowall 
1992; Kappel 2005). While studies have revealed the importance of estuarine and coastal habitats to 
fishery productions (Meynecke et al. 2007; Meynecke, Lee & Duke 2008), these habitats are 
vulnerable to anthropogenic interventions that may aﬀect water and sediment quality (Roy et al. 
2001; Zampatti, Bice & Jennings 2010; Deegan et al. 2012). 
 
Climate change is predicted to impact the distribution and productivity of diadromous fishes by 
disrupting growth, survivorship, habitat availability, migration and recruitment (Meynecke et al. 
2006; Lassalle et al. 2008; Gillanders et al. 2011; Gillson, Suthers & Scandol 2012). For instance, 
decreasing freshwater discharge under climate change might reduce the recruitment and growth of 
barramundi Lates calcarifer (Tanimoto et al. 2012) and disrupt the link between freshwater 
ecosystems and the sea for diadromous fish (Gillanders et al. 2011; Schlenk & Lavado 2011). 
Climate change can cause range shifts (Lassalle et al. 2008; Lynch et al. 2014), reduce survival in 
the ocean stage of diadromous fish (Hilborn 2013), and influence recruitment (Kettle, Asbjørn 
Vøllestad & Wibig 2011). Finally, sea level rise may change estuarine complexity and decrease 
freshwater habitats for salmonids (Flitcroft, Burnett & Christiansen 2013). 
 
The effect of climate change on diadromous fish is expected to be complex because it affects 
populations in different ways during different life stages. For example, Piou and Prévost (2012) 
revealed that increasing river flow in rivers and reducing oceanic growth by climate change raised 
the risk of local extinction for Atlantic salmon Salmo salar. However, river temperature rise 
reduced this risk by improving individual growth in riverine environments. Furthermore, both 
changing ocean climate and anthropogenic activities (dams, fisheries and habitat degradation) 
contributed to the decline of Chinook salmon Oncorhynchus tshawytscha and European eel 
Anguilla Anguilla (Kettle, Asbjørn Vøllestad & Wibig 2011; Hilborn 2013). 
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While diadromous fish are threatened by a combination of multiple disturbances, most studies 
consider the impact of threats individually (e.g., Costa-Dias et al. 2009 & Limburg and Waldman 
2009), or assess the impact from single or several factors (e.g., dams or river flows). Although some 
studies (e.g., Piou and Prévost 2012) have predicted synergistic or antagonistic relationships 
between stressors in well-studied fish (e.g., salmonids), the response of most diadromous fish 
populations to such combined stressors remain unknown.  
 
Multiple stressors from human disturbances and climate change could influence diadromous fish in 
different life history stages and cause additive, synergistic or antagonistic effects (Jacoby et al. 
2015; O’Connor & Cooke 2015). Managers should take a holistic view to understand these 
combined effects for decision making (Brown et al. 2013; Brown et al. 2014). Effective 
management planning for diadromous fish must include direct human impacts, responses to climate 
change throughout a species’ life history, as well as their combined effects (Tanimoto et al. 2012; 
Hilborn 2013). 
 
1.1.3 Conservation of diadromous fish 
The number of diadromous fish species listed on 2016 IUCN Red List in categories of extinct, 
critically endangered, endangered, vulnerable, near threatened has doubled since the last global 
review of diadromous fish conservation status by McDowall (1999) (Table 1.1). While most 
threatened species on the 1996 IUCN Red List are anadromous sturgeons and some amphidromous 
galaxioids, there has been a large increase of amphidromous gobies (17 more species than 1999 list) 
and catadromous eels (8 more species) on the current (2016) list. In addition, in some families such 
as Acipenseridae (sturgeons), more species have been moved to higher risk categories (from 
vulnerable and endangered to critically endangered) despite the total number of species on the list 
remaining similar. However, many diadromous fish species may be prone to under-representation in 
Red List assessment because of the lack of life history and demography data (Miles et al. 2013). 
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Table 1.1 Number of threatened diadromous species on IUCN List in previous global review of diadromous fish 
(McDowall 1999)/current (2016) review by this study. EX: extinct; CR: critically endangered; EN: endangered; VU: 
vulnerable; NT: near threatened. Life history type: anadromy (A); catadromy (C); amphidromy (Am). 
Family (dominant life history) EX CR EN VU NT Number of 
species on list 
Increase 
Geotriidae (A) - - - - - - - 
Mordaciidae (A) - - - - - - - 
Petromyzontidae (A) 0/1 - - - 1/1 1/2 1 
Acipenseridae (A) - 1/12 8/0 5/1 2/2 16/15 -1 
Anguillidae (C) - 0/1 0/2 0/1 0/4 0/8 8 
Clupeidae (A/Am) - - 1/1 0/2 - 1/3 2 
Engraulidae (Am/A) - - - - - - - 
Ariidae (A) - - - - 0/1 0/1 1 
Salmonidae (A) 0/2 0/1 0/1 2/3 - 2/7 5 
Osmeridae (A) - 0/1 1/0 - - 1/1 0 
Salangidae (A) - - - 1/1 - 1/1 0 
Galaxiidae (Am/C) - - 0/1 2/1 - 2/2 0 
Aplochitonidae (A) - - - - - - - 
Retropinnidae (A) - - - - - - - 
Prototroctidae (Am) 1/1 - - 1/0 0/1 2/2 0 
Gadidae (A) - - - - - - - 
Gasterosteidae (A) - - - - - - - 
Syngnathidae (Am) - - - - - - - 
Percichthyidae (C) - - - - - - - 
Lutjanidae (C) - - - - - - - 
Centropomidae (Am/C) - - - - - - - 
Kuhliidae (C) - - - - - - - 
Terapontidae (C) - - - - - - - 
Bovichtidae (C)  - - - - - - - 
Pinguipgoby 
edidae (Am) 
- - - - - - - 
Gobiidae (Am) - 0/4 0/6 4/7 1/5 5/22 17 
Eleotridae (Am) - - - 0/1 0/2 0/3 3 
Rhyacichthyidae (Am) - - 0/1 - - 0/1 1 
Mugilidae (C/Am) - - - - - - - 
Cottidae (C/Am) - - - - - - - 
Scorpaenidae (C) - - - - - - - 
Pleuronectidae (C) - - - - - - - 
Soleidae (A) - - - - - - - 
Total (1999/2016) 1/4 1/19 10/12 15/17 4/16 31/68 37 
Increase 3 18 2 2 12 37 - 
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A critical issue for the conservation of diadromous fish is integrating impacts from different life 
stages (McDowall 1992; McDowall 1999). Many tools exist for understanding critical habitats, 
migratory pathways, migratory cues and migratory timing in diadromy, including telemetry, otolith 
chemistry analysis, and stable-isotope analysis (Miles et al. 2013). However, there is little known 
about integrating information from different life stages to predict the response of populations and 
communities to threats or the ability of management actions to conserve diadromous fish. 
 
Population models are frequently used to integrate data from life history studies and provide 
quantitative information and risk assessments for conservation and management purposes 
(Burgman, Ferson & Akçakaya 1993). For modelling migratory species in particular, additional 
considerations must be included, such as: migratory behaviour, seasonal distribution and multiple 
stressors during the whole life cycle. For example, the consequences of habitat loss in some critical 
nodes within a migratory network could be magnified through migration (Iwamura et al. 2013) and 
therefore the spatial structure of a migratory network can modify population dynamics under habitat 
loss (Taylor & Norris 2010). However, besides habitat loss, diadromous fish also suffer from 
barriers within catchments, modified migratory cues and fishing pressure. Researchers have been 
able to construct complex population models for some well-studied anadromous species such as 
Atlantic salmon Salmo salar (Piou & Prévost 2012; Hedger et al. 2013), European sturgeon 
Acipenser sturio (Jarić & Gessner 2013), and Allis shad Alosa alosa (Rougier et al. 2014) that 
incorporate all aspects of their life cycle. Nevertheless, complex models for particular anadromous 
species are probably not well suited to most diadromous species, which are much more poorly 
known. The availability of a simple population model for diadromous fishes that incorporates 
spatially explicit components and includes all life stages could improve the capability to model 
more diadromous fish species. 
 
While modelling the dynamics of local populations can provide useful information for managers 
and stakeholders, assessing the impact of stressors across the global distribution of a species is 
essential in prioritising conservation actions to enhance species persistence (Pacifici et al. 2015). 
The spatial distributions of conservation targets (i.e., species or other surrogates) and threats are the 
fundamental inputs for systematic conservation planning (Margules & Pressey 2000; Wilson, 
Cabeza & Klein 2009; Linke, Turak & Nel 2011). However, the distribution of conservation targets 
can be very dynamic through space and time because of migration (Runge et al. 2014) or the 
response to climate change (Franklin 2010). 
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Shifts in species distributions in response to climate change have been observed and predicted 
across terrestrial (Chen et al. 2011), marine (Poloczanska et al. 2013) and freshwater (Comte et al. 
2013) ecosystems. The spatio-temporal dynamics of target species can fundamentally change how 
we allocate conservation resources (Mazor et al. 2016; Runge et al. 2016). Furthermore, climate 
change can act in concert with other threats, e.g. where a shifting spatial distribution in response to 
climate change also changes the level of exposure to other anthropogenic stressors. Thus, 
incorporating the movements and dynamic distributions of target species is critical for effective 
systematic conservation planning (Moilanen, Leathwick & Elith 2008; Allen & Singh 2016). While 
most studies have focused on changes of diadromous fish distributions in either riverine (e.g., 
Lassalle et al. 2008; Lassalle et al. 2009; Lassalle and Rochard 2009; Bond et al. 2011) or marine 
habitats (e.g., Lynch et al. 2014), studies that integrate shifting distributions across habitats and 
changing connectivity between them are needed for a more comprehensive assessment. 
 
While one of the goals of conservation planning is to maintain ecosystem processes and services, 
assessing the changes in community functional structure under disturbances can reveal possible 
changes in ecosystem processes and services (Cadotte, Carscadden & Mirotchnick 2011; Mouillot 
et al. 2013). As a linkage between species or functional groups and environment variables, species 
traits have been used to evaluate the response of species or functional groups to human disturbances 
or climate change (Dolédec & Statzner 2010; Mouillot et al. 2013; Estrada et al. 2016). Previous 
studies focused on the relationship between single traits and single environment factors or 
disturbances but failed to consider how combinations of traits affect species responses to 
disturbances (Verberk, van Noordwijk & Hildrew 2013). However, the combination of traits may 
influence how functional groups respond to disturbances. For example, while diadromous fish are 
more susceptible to anthropogenic barriers than sedentary species in general, functional groups with 
other traits such as climbing ability and preferring lentic habitat may have the ability to occupy 
habitats above barriers (Cooney & Kwak 2013; Rolls & Sternberg 2015). Further studies using 
functional groups with combined traits to assess and predict community change under multiple 
stressors are recommended (Verberk, van Noordwijk & Hildrew 2013). 
 
The increase in the number of globally threatened diadromous fish species (Table 1.1) and their 
decline worldwide (McDowall 2006; Costa-Dias et al. 2009; Limburg & Waldman 2009; Mota, 
Rochard & Antunes 2016) indicate a urgent need to assess the vulnerability and management of 
diadromous fish populations, species and communities, and investigate impacts from multiple 
disturbances on them. However, studies on diadromous fish disproportionally focus on species in 
northern hemisphere temperate regions, and in particular on heavily fished species such as 
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salmonids, sturgeons and temperate eels (Nikolic et al. 2011). In contrast, most species in the 
southern hemisphere and in the tropics remain poorly understood (e.g., McDowall 2006, Miles et al. 
2013, Jacoby et al. 2015; a critical summery of Australian diadromous fish studies, Koehn & Crook 
2013). Therefore, this project uses threatened diadromous species and communities from Oceania, 
specifically, Australia and Fiji as case studies in applied conservation management of migratory 
fishes. 
 
1.1.4 Diadromous fish in Oceania 
In Australia, catadromous (42.4% of all diadromous fish) and amphidromous (45.5%) life histories 
are found in most diadromous native fish while relatively few are anadromous (12.1%; Miles 2007). 
Some fish play important roles in freshwater, estuarine and coastal fisheries such as barramundi, 
Australian bass, mullet (Mugilidae), eels Anguilla spp., and whitebait (galaxioid fish) (Miles 2007; 
Meynecke & Lee 2011; Gillson, Suthers & Scandol 2012). Wild catch fisheries production of 
barramundi and mullet were worth up to $18,288,000 and $11,093,000, respectively in 2012 
(Australian Fisheries Statistics 2012). Endemic species include bullrout Notesthes robusta, tupong 
Pseudaphritis urvillii, Australian freshwater herring Potamalosa richmondia, Australian bass, and 
several galaxioid species (e.g., Australian grayling Prototroctes maraena, Tasmanina whitebait 
Lovettia sealii, and Tasmanian smelt Retropinna tasmanica)  (Miles 2007). 
 
The abundance and distribution of several Australian diadromous fish has declined rapidly since 
European settlement and local extinctions have occurred in some catchments (Faragher & Harris 
1994; Allen, Midgley & Allen 2002). Two species of diadromous fish, the spotted galaxias 
Galaxias truttaceus hesperius and the opal cling goby Stiphodon semoni, have been listed as 
Critically Endangered in federal legislation (Environment Protection and Biodiversity Conservation 
Act 1999, Australian Government); and one species, the Australian grayling, has been listed as 
threatened or protected by state and federal legislation, and on the grobal IUCN Red List 
(Backhouse, Jackson & O’Connor 2008b). The hotspot of diadromous fish species richness in 
Australia occurs along the east coast (Miles 2007), which is also the area with the densest human 
population in Australia (Australian Bureau of Statistics, Australian Population Grid, 2011). Concern 
has been expressed that the currently poor understanding of the biology and ecology of Australian 
diadromous fish is leading to inefficient conservation plans (Miles et al. 2013). 
 
Diadromy (especially amphidromy) is one of the dominant life history forms in riverine species 
including fish, crustaceans and mollusks in oceanic islands (Greathouse, Pringle & Holmquist 2006; 
McDowall 2007b; McDowall 2007a; Ramírez et al. 2012). In Fiji, over 98% of riverine fishes use 
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saltwater habitats during their life cycle (Jenkins et al. 2010). Besides some catadromous species 
such as freshwater eels Anguilla spp. and flagtails Kuhlia spp., amphidromy is the most prevalent 
life history on island rivers (McDowall 2004). Many diadromous (e.g., gudgeon, flagtail, goby and 
eel) fish are socio-economically important species for inland and coastal fisheries (Jansen, 
Parkinson & Robertson 1990; Jenkins et al. 2010), and endemic diadromous species include orange-
spotted therapon Mesopristes kneri and goby Schismatogobius vitiensis. Deforestation, migration 
barriers (e.g., overhanging culverts) and introduced tilapia (Oreochromis mossambicus & O. 
niloticus) are considered as major threats to native riverine fish communities in Fiji (Jenkins et al. 
2010; Jenkins & Jupiter 2011; Jupiter et al. 2012). 
 
1.2 Thesis objectives and structure 
 
The main goals of this PhD thesis are to quantify the impacts of multiple stressors on migratory fish 
species and prioritize management actions to alleviate these stressors. Because choosing matched 
ecological, geographic and management scales is critical and can influence the effectiveness of 
conservation plans (Guerrero et al. 2013), I investigate the conservation of diadromous fish 
throughout different scales (Table 1.2). The logical flow of this thesis moves from populations 
(chapters 2 and 3) to species (chapter 4) and then the community level (chapter 5); from a single 
migratory life history (chapters 2, 3 and 4) to multiple life histories (chapter 5); and from local 
(chapters 2 and 3)  to regional (chapter 4) and national scales (chapter 5). An outline of each 
chapter is given below. 
 
Table 1.2 Key scales in research chapters. 
Key scales in 
research chapters 
Chapter 2 Chapter 3 Chapter 4 Chapter 5 
Life history type Diadromy Diadromy Diadromy Diadromy, 
freshwater, 
estuary & marine 
Ecological scale Individual & 
population  
Individual & 
population  
Species Community  
Geographical scale Single river 
catchment 
Single river 
catchment 
Multiple river 
catchments 
Multiple river 
catchments 
Management scale Local city 
council 
Local city 
council 
State 
governments 
National 
authority 
Temporal scale 10 years 5 – 15 years 70 years - 
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Chapter 1 presented the general background for diadromous fish, impacts from human disturbances 
and climate change, current conservation status and highlights knowledge gaps and the need for 
further studies. It also provides the structure and logic flow for following chapters. 
 
Chapter 2 develops a population dynamics model that uses individual-based animal movement data 
to simulate population-level responses to changes in fishing pressure, removal of migration barriers 
and modification of river flow. Specifically I apply the model to Australian bass. The modelling 
framework from chapter 2 could be used to evaluate the effect of possible management actions on 
different life stages/habitats thereby improving management of migratory fish population.    
 
Chapter 3 evaluates and compares the cost-effectiveness of two commonly used management 
actions for migratory fish: restoring connectivity and mortality control, building on the modelling 
framework from chapter 2. This chapter also examines how cost-effectiveness depends on 
background environmental conditions, implementing time of actions, and the combinations of 
possible actions. The scales (ecological, geographic and management) in this and previous chapter 
are suitable for local resource managers. 
 
Chapter 4 assesses the current and possible future status of a threatened diadromous species and 
provides a conservation plan to protect species persistence through climate change. This chapter can 
be used to inform national recovery plans for this species in Australia, as well as regional 
conservation plans for each state. 
 
Chapter 5 identifies and predicts the impacts from habitat degradation, migration barriers and 
introduced species on a riverine fish community. By using trait-based analysis, this chapter provides 
a method that can be applied across regions with different species compositions or rare/cryptic 
species. This offers a district or national authority a comprehensive view for identifying key drivers 
on fish communities, comparing impacts among regions, and designing ecosystem-based 
management. 
 
Chapter 6 highlights and synthesizes the main findings from research chapters and provides ideas 
for future studies. 
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CHAPTER 2 
 
Impacts of Fishing, River Flow and Connectivity Loss on the Conservation 
of a Migratory Fish Population 
 
 
The dynamics of fish population is the centre of many fisheries or natural resource management. 
This chapter demonstrates the use of a newly developed model to simulate the dynamics of a 
migratory population when movement data are available. The impacts from disturbances occurred 
in different habitats and connectivity loss and the effectiveness of management actions were 
assessed. This study provides suggestions for local managers to manage a relative short-distanced 
migratory population and emphasizes the importance of cooperation between fisheries and water 
managers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A version of this chapter is under review with Aquatic Conservation: Marine and Freshwater 
Ecosystems as: 
Lin HY, Brown CJ, Dwyer RG, Harding DJ, Roberts DT, Fuller RA, Linke S, Possingham HP. 
Impacts of fishing, river flow and connectivity loss on the conservation of a migratory fish 
population. 
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2.1 Abstract 
 
Migratory species depend on connected habitats and appropriate migratory cues to complete their 
life cycles. Diadromous fish exemplify species with migratory life cycles by moving between 
connected fresh and saltwater habitats to reproduce. However, migration increases the exposure of 
fish to multiple threats and it is critical that fisheries managers integrate habitat connectivity into 
resource management. We assess the benefit of alternative management actions for a diadromous 
fish, the Australian bass Percalates novemaculeata, using a spatio-temporal population model 
informed by individual-based movement data. The management actions comprise fisheries closures 
during the spawning season, and controlling fishing pressure by limiting catch or effort. The 
benefits of implementing seasonal closures depend upon interactions among how fishing pressure is 
controlled, the response of anglers to fishery regulations and river flow regimes. We discovered that 
seasonal closures are ineffective if fishing pressure is merely displaced to another location or time 
of year. In addition, shifting seasonal closures from spawning grounds to feeding grounds increased 
population abundances under low flow events when fishing effort was also controlled. However, 
when total annual catch is limited by fishery closure, changing the location of seasonal closure 
schemes had little effect. Our findings highlight the need for flexible management strategies that 
account for migratory movements and respond to both variations in river flow regime and the 
behavior of anglers. As the implementation of one management action (e.g. fishing or water 
regulation) could affect the influence of other management actions, our study emphasizes the 
importance of cooperation between resource managers in maintaining populations of migratory 
species. 
 
Keywords: acoustic telemetry, animal movement, conservation, diadromy, fishing regulation, 
human behavior, water management 
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2.2 Introduction 
 
Migration is central to the life history of many species, but dependence on movement through a 
chain of intact habitats is expected to increase species vulnerability to multiple threats (McDowall 
1999). Migratory life cycles are exemplified by diadromous fish, which migrate between fresh and 
saltwater habitats. These species are often both ecologically (Naiman et al. 2002) and socio-
economically important (Kuroki, Righton & M. Walker 2014), but they suffer from the interactive 
impacts of many threats (McCleave 2001). For instance, overfishing, pollution, habitat loss and 
climatic change in the oceans have contributed to the decline of diadromous fish such as Chinook 
salmon Oncorhynchus tshawytscha (Hilborn 2013) and European eel Anguilla anguilla (Kettle, 
Asbjørn Vøllestad & Wibig 2011). Diadromous fish are also susceptible to a loss of connectivity 
between habitats; dams block migration pathways (Rolls 2011), and abstraction of water from rivers 
can alter migratory cues (Murchie et al. 2008) and reduce recruitment (Tanimoto et al. 2012). 
Diadromous fish are therefore vulnerable to direct impacts on their populations and habitats, as well 
as impacts that threaten freshwater to saltwater connectivity. 
 
A challenge for managing diadromous fish populations is to determine and quantify the sensitivity 
of populations to connectivity loss and fishing pressure. The first steps are determining habitat 
utilization patterns (McDowall 1999) and quantifying species’ movements between habitats (Pritt et 
al. 2013). However, changes in movement patterns do not directly translate to changes in 
population persistence. Quantifying the improvement of management actions to population 
persistence requires integrating information on how these actions facilitate connectivity and reduce 
direct impacts such as mortality. 
 
Population modelling is a commonly used tool in fisheries management to model the direct impact 
of fishing on populations (Scheuerell et al. 2006). However, the effect of altering connectivity 
(Saunders et al. 2015) and the success of spawning migrations (Rideout & Tomkiewicz 2011) are 
rarely integrated in population models. If spawning migrations are disrupted, fish might delay 
spawning until environmental conditions are suitable; which could influence the effectiveness of 
management. For example, reduced river flow and high temperature delay the spawning migration 
of Australian bass Percalates novemaculeata (Reinfelds et al. 2013; Harding et al. in press) and 
Atlantic salmon Salmo salar (Solomon & Sambrook 2004) during dry years. Further, the response 
of fishers to fishing regulations might lead to unforeseen outcomes if fishing pressure increases at 
times and places where it is not prohibited, although this issue has received relatively little attention 
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in models used for management plans (Fulton et al. 2011). To create more accurate population 
models for migratory fish species, it is therefore important to consider connectivity and the response 
of fishes to fishing regulations. 
 
Here, we introduce a population model for migratory species that integrates parameters estimated 
from telemetry data with population traits to simulate how different management strategies affect 
population persistence of a modelled migratory fish population. Specifically, we explore the impact 
of migration barriers, modified migratory cues, and fishing, on a migratory fish population. As the 
understanding of how stressors at one stage of the migratory cycle impact the overall population 
dynamics is one of the greatest challenges in conserving migratory species (O’Connor & Cooke 
2015), our model can help to address this key issue by integrating different disturbances 
encountered throughout a species’ life history. We use Australian bass, a species native to south-
eastern Australia, to illustrate the application of this model. 
 
2.3 Methods 
 
First we introduce the case study species and the management context. Then the structure of 
population model is given, followed by a description of how the model is parameterised. Finally we 
describe four scenarios used to simulate different management strategies and anglers’ responses. 
 
2.3.1 Case study for Australian bass 
The Australian bass is catadromous, meaning individuals live in freshwater but spawn in saltwater 
(Harris 1987). Mature adults migrate from upstream freshwater areas to estuaries where they spawn 
during autumn and winter. After 2 - 3 months in the estuary, juveniles migrate upstream the 
following summer to mature (Harris 1986). 
 
Peaks in freshwater flow have a primary role in controlling recruitment in Australian bass (Growns 
& James 2005) by affecting gonad maturation (Harris 1986), migration initiation (Reinfelds et al. 
2013) and larval survivorship (Harris 1986). The abundance of Australian bass declined 
significantly after European settlement (Harris 1983), and this species has suffered from multiple 
anthropogenic interferences including water abstraction, artificial barriers, habitat destruction, 
pollution and introduced species (Jerry 1997). Predicted changes in rainfall regimes through climate 
change might further impact the population by decreasing freshwater flow and increasing salinity in 
estuaries (Gillanders et al. 2011). 
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Bass are only fished recreationally and different fishing regulations and water management plans 
are implemented across three of the Australian states that encompass the species’ natural range. In 
the state of Victoria there are no closed seasons to bass fishing; in New South Wales bass fishing is 
prohibited during the spawning season in rivers below freshwater impoundments; in Queensland 
bass fishing is prohibited during the spawning season and in tidal waters. To predict how 
regulations on fishing pressure, seasonal closures and river-flow regimes affect fish abundance, we 
used a population model that accounted for shifts in angler behavior. While information on bass is 
currently insufficient for a quantitative stock assessment, the model provides guidance on 
interactions among fishing regulations and water management plans that may aid management 
agencies in prioritizing their activities across these different issues. 
 
2.3.2 Population model with migration dynamics 
The fish population model is based on delay-difference model (Deriso 1980), a semi-age-structured 
model that simulates abundance over time based on survival and recruitment. We added a migration 
component to the model such that fish moved between the feeding and spawning grounds and there 
were two discrete stages of mortality in each location. The model tracked fish as they migrated from 
the feeding to the spawning ground and the return of both spawning adults and new recruits (Fig. 
2.1). We allowed for non-migrants such that fish could remain in feeding grounds or spawning 
grounds throughout seasons. The population in the feeding ground in year t+1 was the sum of non-
migrants, Ut, new recruits with a four-years lag, Rt-4, and returning post-spawners, Pt: 
Nt+1 = Ut + Rt-4 + Pt.                                        (1) 
 
 
Fig. 2.1 Population dynamics model for diadromous fish. 
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The number of non-migrants, Ut, was  
Ut = Nt sf1 (1 – c1) sf2.                                     (2) 
Where, sf1 is the survivorship in the non-spawning season, sf2 is the survivorship of non-migrants in 
the spawning season and c1 is the proportion of fish that migrated to spawn. 
 
The abundance of spawning adults was 
St = Nt sf1 c1 sm ss2 + Pst-1 ss1,                          (3) 
where Pst-1 is the number of post-spawners that remained in the spawning grounds (Pst = St c2), sm is 
the survivorship during migration, ss2 is the survivorship of migrants in the spawning season, c2 is 
the proportion of post-spawners that remained in spawning grounds after spawning season and ss1 is 
the survivorship of remained post-spawners during non-spawning season. 
 
New recruitment (Rt) was calculated by a Beverton–Holt recruitment function with parameters a = 
E0(1 - h)/4hR0 and b = (5h - 1)/4hR0, in which E0 is the abundance with no fishing, R0 is the 
recruitment with no fishing and h is the steepness of the stock recruitment curve; defined as the 
proportion of R0 produced by 20% of the E0 (Mace & Doonan 1988). The Beverton–Holt was 
chosen because this function has been successfully applied to barramundi, another Australian native 
fish species which shares some similarities in life history (i.e. catadromous, high fecundity, 
longevity > 20 years and maturity at 5 - 6 years) (Tanimoto et al. 2012) and we had no reason to 
believe recruitments would decline at very high spawning biomass. We additionally incorporated 
two parameters to represent the early survivorship of new recruits, d, and the migration survivorship 
of post-spawners, sr, when they move back to the feeding ground. The number of new recruits is 
Rt = d St/(a + b St),                                         (4) 
and the number of post-spawners returning to the feeding ground is 
Pt = St sr (1 - c2).                                            (5) 
A lag of four-years was applied to allow recruits to join the adult population, because female bass 
are known to mature around age five (Harris 1986). 
 
Survivorship in feeding and spawning grounds (sf and ss) were calculated as e
-(F+M). This composed 
of an instantaneous fishing mortality rate, F and an instantaneous annual natural mortality rate, M. 
The same natural mortality rates were applied on feeding and spawning grounds because no 
significant differences in mortality rate are observed between males and females collected from a 
variety of habitats (Harris 1988). Natural mortality rates were assumed fixed across age classes as in 
previous studies (Harris 1988; Morrongiello et al. 2014). Fishing mortality was derived from Smith 
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et al. (2012) and natural mortality was estimated as the mean of previous studies (Harris 1988; 
Wilde & Sawynok 2005; Smith et al. 2012). The spawning season is approximately three months 
(i.e. winter), therefore we calculated survivorships during the spawning season (sf2 and ss2) as  
e-(F+M)*(1/4), and during the non-spawning season (sf1 and ss1) as e
-(F+M)*(3/4). 
 
Life history traits and parameters were extracted from previous studies of the same or similar 
species (Table 2.1). Many parameters are poorly known for bass, so we explored the sensitivity of 
key findings across ranges of plausible parameter settings. The survivorships during migration (sm 
and sr) were set to one because the migration distance for bass is relatively short and there was no 
observed migration mortality in field tagging studies. While we acknowledge that in general fishing 
mortality on bass may be low in many systems (Wilde & Sawynok 2005), here we explore a range 
of fishing mortality rates to quantify the sensitivity of abundance to fishery management more 
generally. 
 
Table 2.1 Parameters used in simulation of Australian bass for figures. Numbers in parentheses indicate values tested in 
sensitivity analyses and the ranges of values. References: 1. Wilde and Sawynok (2005), 2. Harris (1988), 3. Smith et 
al. (2012), 4. Tanimoto et al. (2012), 5. Reinfelds et al. (2013). 
Parameter Values (range for testing) Reference 
Instantaneous annual natural 
mortality rate, M 
0.15 (0.02 – 0.3) 1, 2, 3 
Instantaneous annual fishing 
mortality rate, F 
0.1 for lower; 0.2 for higher 
mortality (0.02 – 0.3) 
3 
Steepness, h 0.7 (0.5 - 0.9) 4 
Virgin population, E0 10000 Assumed, fixed  
Virgin recruitment, R0 40% of virgin population 2 
Connectivity stochastic variation, v 0.05 (0 - 1) Assumed, fixed 
Catch amount 
400 for lower; 800 for 
higher catch (300 - 1000) 
Assumed, fixed, which 
produced comparable 
abundances to assumed 
mortality after 10 years 
simulation time 
Proportion of post-spawners 
remained in the spawning grounds 
38% (without barriers); 86% 
(with barriers) 
5; field data in this study 
 
 
Two parameters that are influenced by river flow were used in the model. c1 was calculated as the 
proportion of individuals moving in response to increases in river flow extracted from fish tracking 
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data (described below in the section on Fish movement). A linear positive relationship was used to 
represent the relationship between river flow and early survivorship (d), where d = 1 under the 
maximum flow recorded. For Australian bass, higher early survivorship and a greater proportion of 
the total population as young-of-the-year (age-0) fish was found with higher river flow resulting 
from increasing food availability (Harris 1986; Growns & James 2005). Then, new recruits will join 
the adult population after a four-years lag. 
 
We also modelled stochastic variation on both spawning migration (c1) and recruit survivorship (d) 
to represent the effect of annual flow variation. As no data were available on how bass abundance 
varied temporally, we ran simulations for a range of standard deviations (v in Table 2.1) in c1 and d. 
 
2.3.3 Fish movement and connectivity estimation 
To estimate the migration under different river flows, individual fish movement data were obtained 
from an acoustic telemetry study conducted on the Logan River in South East Queensland (Fig 2.2). 
Bass were captured in the upstream feeding grounds using electrofishing, and an acoustic tag (V13-
1X or V9-1X, VEMCO, Halifax, NS, Canada) was inserted surgically into the abdominal cavity 
following Walsh et al. (2011). The movements of tagged fish were then tracked using a network of 
omnidirectional underwater hydrophone receivers (n = 12) positioned along a 23 km stretch of river. 
We tagged 38 fish in autumn, 2013 and 28 fish in the following summer (Harding et al. in press). 
Data from 22 individuals that migrated to estuary during winter 2013 were used for showing how 
we can incorporate movement data into population dynamic model. No tagged individual migrated 
during winter 2014 due to very low river flow that year. 
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Fig. 2.2 Fish movement survey sites. Closed circles represent acoustic receiver stations and bars represent weirs on the 
Logan River. Aggregation zone represents potential spawning ground. 
 
From the tagging data we estimated how the proportion of downstream migration (c1) varies with 
flow volumes and how this relationship differs between areas of high connectivity (without barriers) 
and areas of low connectivity (with barriers). The release sites for tagged fish and the downstream 
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spawning grounds were separated by two artificial barriers: Cedar Grove weir and South Maclean 
weir, positioned approximately 81 km and 71 km from the river mouth. Study indicates those weirs 
can act as berries during the downstream migration of bass (Harding et al. in press). We recorded 
when fish arrived at the receiver above the upstream Cedar Grove weir and below the downstream 
South Maclean weir and extracted the corresponding river flow (mean daily flow in cumecs, m3s-1) 
to create curves relating cumulative proportion of fish migrating with flow. We assumed that the 
river flow volume required to initiate the initial downstream movement represented the spawning 
migration without interference by barriers. The river flow required for fish to pass two weirs, and 
move toward the estuary represented the flow required for migration with barriers. Downstream 
movements of tagged fish between hydrophones located in the upstream feeding grounds, and 
between hydrophones located immediately upstream of Cedar Grove weir and downstream of South 
Maclean weir were extracted using the V-Track software in R (Campbell et al. 2012). Flow data 
from the gauging station at Cedar Grove weir were recorded (unpublished data, Seqwater 2016) to 
parameterise the relationship of fish migration and river flow and examine the effect of migration 
barriers. Finally to represent the proportion of fish that returned to feeding grounds from spawning 
grounds (c2), we provided a range of values based on our tracking data (to represent the proportion 
in a river with anthropogenic barriers), and published estimates from a different river system (to 
represent the proportion in a river without barriers, Table 2.1). 
 
2.3.4 Experience sets for analysis 
We ran simulations for two fishing regulation scenarios, crossed with four scenarios for seasonal 
closures and two alternative behavioural responses by anglers. For each of these scenarios we 
varied the mean of river flow, with standard deviations described above, to simulate the 
theoretically possible full range of managed flow volume. We compared the abundance across 
scenarios as determined by running numerical simulations until the population reached equilibrium. 
 
Fishing regulations included management with annual catch limitation (Experience sets 1 & 2 in 
Table 2.2) and management with fishing effort limitation (assigned fishing mortality of 0.1 and 0.2, 
Experience sets 3 & 4 in Table 2.2). With effort limits, catch changes in proportion to population 
size. For each fishing regulation type, four seasonal closure types were simulated to represent 
different management schemes applied across the natural range of Australian bass: (1) no closure, 
(2) spawning ground closure, (3) feeding ground closure and (4) all habitats closure during the 
spawning season. We also varied the displacement of fishing pressure to represent the responses of 
anglers after seasonal closures were implemented (anglers’ dynamics). In experience sets 2 and 4, 
total fishing pressure (catch or fishing effort) was fixed each year regardless of the seasonal closure 
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scheme (“Displacement” in Table 2.2). After a seasonal closure begins, the fishing pressure (catch 
or effort) in that closed area will be evenly distributed on other non-closed season/fishing ground so 
that same overall annual catch or effort is maintained. In experience sets 1 and 3, there was no 
displacement of fishing pressure, so the catch or effort in closed area(s) was set to zero while others 
remained (‘No displacement” in Table 2.2). Lastly, we applied different fishing pressures from 
feeding to spawning ground on every experience set for comparing the effect. 
 
Table 2.2 The assumptions underpinning the four experience sets analyzed.  
Experience set Fishing pressure 
regulation 
Seasonal closure in 
spawning season 
Anglers’ dynamic River flow regime 
1 Catch limitation Varied: None to all 
closed 
No displacement Varied: High to low 
2 Catch limitation None to all closed Displacement High to low 
3 Effort limitation None to all closed No displacement High to low 
4 Effort limitation None to all closed Displacement High to low 
 
 
Four experience sets were developed to simulate how fishing regulations (catch or effort limitations, 
crossed with seasonal closures) and flow regime affects whole population (included fish in feeding 
and spawning grounds) over a period of ten years (Table 2.2). We calculated the mean of 1000 
stochastic runs per experience set (standard deviations v in Table 2.1). The biological parameters 
such as mortality and the parameters in stock-recruitment relationship, and fishing regulation 
parameters were tested as part of a sensitivity analysis (ranges show in Table 2.1). The influence of 
these parameters on population abundance, recruitment and vulnerability to disturbance were then 
compared. Vulnerability to disturbance represented the rate of population decrease through time 
under flow reduction when other parameters/disturbances were fixed. All experience sets and 
analysis were run in R programming language version 3.2.3 (R Core Team 2015). 
 
2.4 Results  
 
2.4.1 Responses of tagged fish to river flow 
Of the 22 tagged bass that exhibited a downstream migration, the majority (86%) initiated their 
migration under relatively low river flow (< 20 m3s-1). This suggests that a small pulse of freshwater 
discharge can initiate spawning migrations in natural river systems with high connectivity (Fig. 
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2.3). However, more than one third of tagged fish (36%) were unable to cross the two weir systems, 
with larger discharges (> 40 m3s-1) required for fish to move across the artificial barriers. 
 
 
Fig. 2.3 Empirical relationship between fish downstream movement (0 means none of the fish move; 1 means all fish 
move) and river flow (daily mean river flow, m3s-1) in areas of river with high connectivity (without weirs; thin line) 
and areas of river with low connectivity (two weirs; thick line). 
 
2.4.2 Fishing regulations and river flow regimes 
Higher fishing mortality, reduced flow and reduced connectivity due to weirs, all reduced fish 
abundance (Figs 2.4 & 2.5). However, the population outcome when fishing pressure was managed 
depended on how water flow and river connectivity were managed. 
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Under a catch limitation experience sets, seasonal closures benefited the population when there was 
no displacement of fishing pressure (Figs 2.4a - d). Furthermore, seasonal closures could offset the 
negative effects of low connectivity or low flow. Closing all habitats maintained around 1700 more 
fish than no closures across all flow regimes. However, the effectiveness of closing the feeding or 
spawning grounds varied with local fishing pressures: closing the habitat with the higher fishing 
pressure maintained higher fish abundance. Feeding ground closures maintained higher abundances 
under low flow (< 10 m3s-1) than spawning ground closures across all experience sets (Figs 2.4 & 
2.5). 
 
With limits on fishing effort, seasonal closures increased abundance if there was no displacement of 
fishing pressure (Figs 2.5a - d). For example, while river flows ~ 100 m3s-1 were required to 
maintain a population of ~ 16,000 individuals in the absence of fishery closures, the closure of 
spawning grounds resulted in equivalent abundances estimates if flows were as low as ~ 80 m3s-1 
(Fig. 2.5c). Closing the spawning grounds maintained a larger bass population size than closing the 
feeding grounds when river flows were medium to large. 
 
The effectiveness of seasonal closures was reduced when fishing pressure was displaced (included 
both catch and effort limits, Figs 2.4e - h and Figs 2.5e - h). With displacement and catch limits all 
closure schemes became similar across all flow regimes (Figs 2.4e - h). Thus, seasonal closures 
could no longer offset the effects of low flow or weirs on abundance. The most effective way to 
increase abundance estimates with displacement was to increase flow or improve river connectivity 
when river flows were > 40 m3s-1. However, lower connectivity (weirs) maintained higher 
population abundance if flows were low (< 40 m3s-1) because weirs caused more adult fish to stay in 
spawning ground that can contribute to following recruitment. 
 
When fishing effort was limited but displacement of effort occurred, the most effective season to 
close depended on both flow magnitude and the degree of river connectivity (weirs) (lines for 
seasonal closures cross in Figs 2.5e - h). Spawning ground closures were most effective when river 
connectivity and flow were both high. However, under an extreme low flow regime (< 10 m3s-1, 
Figs 2.5e & g), feeding ground closures maintained higher bass abundance because most 
individuals stayed in the feeding grounds. In contrast to catch limitation (Figs 2.4a & b vs c & d), 
the differences between local fishing pressures influenced the relative effectiveness of closing all 
habitats and no seasonal closures (Figs 2.5a & b vs c & d). To summarise, the optimal scheme for 
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fishery closures depended on the flow regime, because flow drove migration between fished and 
unfished habitats. 
 
Sensitivity analysis showed that most biological and fishing-related model parameters influenced 
population abundance more strongly than recruitment (Table 2.3). In most cases if a parameter 
decreased population abundance, then the vulnerability of a population to flow reduction increased. 
For example, increasing the natural mortality lowered simulated population abundance and raised 
the vulnerability to flow reduction. One exception was that while increased steepness (h) lowered 
population abundance, it also made the population less vulnerable to flow reduction. This was 
because a greater steepness makes recruitment depend less on population abundance, so that the 
compensatory response of a population to disturbance is stronger. 
 
Table 2.3 Sensitivity of mean population abundance, recruitment and vulnerability to key model parameters. Values 
indicate percentage change when certain parameter increases 50%. 
Parameters (↑) 
Sensitivity 
Population 
abundance 
Recruitment 
Vulnerability to 
flow reduction 
Biological    
Mortality in baseline, M -35% -6% 7% 
Steepness, h -12% -12% -1% 
Unfished population, E0 -6% -6% 1% 
Unfished recruitment, R0 56% 56% -1% 
Stochastic variation, v -1% -0.2% 1% 
Fishing regulation 
  
 
Annual catch -21% -4% 14% 
Fishing mortality -19% -5% 2% 
 
 
2.5 Discussion 
 
We used a spatio-temporal population model and integrated fish movement data to simulate 
population dynamics of Australian bass under different management regimes. Our results 
emphasize the importance of developing integrated management strategies that account for different 
river flow regimes, habitat connectivity and fishing pressure. For instance, closing all habitats for 
bass fishery during the spawning season could retain the greatest bass abundance if there was no 
displacement of fishing pressure. However if anglers shifted their efforts to other locations or times 
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of year, spawning ground and feeding ground closures conserved higher abundances under high and 
low flow, respectively. Our population model highlights two important interactions in conserving 
and managing migratory species. The first is the beneficial effect of increasing habitat connectivity 
for populations over space and time. Second, uncertainties in how resource users respond to 
closures influence the impacts of disturbances on populations (Fulton et al. 2011). 
 
Our approach also demonstrates how tracking data can be combined within population models to 
predict the response of threatened species to multiple anthropogenic impacts. Acoustic telemetry 
offers a solution for researchers studying aquatic organisms, because it provides high-resolution 
data (both in time and space), long-term monitoring (up to 10 years), remote measurement, and it is 
relatively cost-effective (Hussey et al. 2015). However, tracking studies alone do not show how 
human impacts on large-scale movements such as migration can affect population persistence. Here 
we incorporated individual fish movement data gathered using acoustic telemetry into a population 
model. Our findings highlight some new research directions for animal movement studies. For 
example, telemetry techniques could be used to unveil latent threats (e.g. river flows or connectivity 
in this study), which may not be the direct cause of death but could influence a population’s 
exposure to other threats, like fishing. Once quantified, the emerging impacts and interactions of 
both direct and indirect disturbances can be simulated through population modelling. Because the 
number of studies using electronic devices, as well as accessibility to archival telemetry datasets has 
increased in recent years (Dwyer et al. 2015), our modelling framework could be applied to 
optimize management for other migratory species. 
 
2.5.1 Connectivity change and consequences for management 
Migratory species are susceptible to human activities that change their spatio-temporal distribution. 
We found the effectiveness of spawning ground and feeding ground closures varied according to 
river flow, migration barriers and local fishing pressures. Spawning ground closures maintained 
greater fish abundance than closing feeding grounds if increased river flows allowed most 
individuals to migrate. Conversely, if river flow was low and migration rate was low, the bass 
population was more vulnerable to fishing in the feeding grounds. Bass were also more likely to 
remain in feeding grounds if there were barriers to migration, because larger river flows were 
required for bass to cross weir systems. Finally, closures in the habitat that had higher fishing 
pressure increased fish abundance. Therefore, understanding the spatio-temporal dynamics within a 
species’ migration network and where humans have the greatest impact can reveal where 
management actions will have the greatest benefit for conserving a species (McDowall 1999; Miles 
et al. 2013). 
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Changes in human behaviour can influence the expected outcome of management actions such as in 
fisheries (Fulton et al. 2011) and land management (Meyfroidt, Rudel & Lambin 2010). Our results 
suggest that the effectiveness of seasonal closures can vary depending on whether (1) anglers 
reduce their overall effort or their effort is displaced to other times and places, and (2) fishing 
pressure is limited by catch or effort. For instance, the effectiveness of seasonal closures may be 
negligible, or even detrimental if catch is displaced outside the closed season (Metcalf, Moyle & 
Gaughan 2010). However, if the fishing pressure is regulated by effort such as restrictions on access, 
then fishing mortality may be lowered if fishing pressure is moved to times of a year when density 
is lower (Horwood, Nichols & Milligan 1998). Therefore, policies that prevent displacement and 
mitigate overall exploitation pressure are key to the success of resource management (Greenstreet, 
Fraser & Piet 2009; Meyfroidt, Rudel & Lambin 2010). 
 
 
River flow can be a dominant driver of fish abundance (Gillson 2011) and this effect might be more 
prevalent in systems where fishing mortality is low, such as in catch and release recreational 
fisheries (post-release mortality also could be considered, e.g., Hall et al., 2009). We found near 
linear declines in bass abundance with reductions in flow volume, that suggest human impacts on 
river flow have had a greater impact on bass abundance in this system than fishing pressure. River 
flow is one of the main factors influencing the physiology, movement behavior and habitat quality 
of many aquatic species (Murchie et al. 2008; Milton 2009), and it also impacts the productivity of 
fisheries (Gillson 2011). As an example, reducing river flow might significantly decrease fishery 
catch of barramundi (Tanimoto et al. 2012). Reducing river flow might amplify the effect of 
existing barriers (Milton 2009) or create new barriers for migratory species (Gillanders et al. 2011; 
Jaeger, Olden & Pelland 2014). Therefore, focusing on fishing pressure regulation without 
simultaneously maintaining river flow and connectivity could fail to maintain population 
persistence of Australian bass or other diadromous fish species (Parrish et al. 1998; McCleave 
2001). 
 
2.5.2 Model generalisations and assumptions 
We used a simplified population model to capture the migratory life history structure for 
diadromous fish that necessitated several assumptions. First, density dependence was only 
incorporated in the early survivorship component of our model, which is comparable to original 
delay difference model and other models of diadromous fish (e.g., Piou & Prévost 2013). Secondly, 
a linear relationship was used to represent changes in recruitment with river flow. While previous 
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studies suggested a positive relationship between river flow and recruitment for Australian bass 
(Harris 1986; Growns & James 2005) and other species with similar reproduction behavior such as 
estuary perch (Morrongiello et al. 2014) and barramundi (Tanimoto et al. 2012), long-term studies 
are needed to explore the full range of flows (e.g., dome-shaped curve for black bream 
Acanthopagrus butcheri (Jenkins, Conron & Morison 2010)). 
 
In our model the influence of river flow on migration and habitat connectivity only applied to 
spawning migration and recruitment, and not to post-spawners. Currently we lack long-term 
movement data from post-spawners for many fish species (Milton 2009; Morrongiello et al. 2011). 
Although river flow could facilitate post-spawning (e.g. upstream) migration (Enders, Scruton & 
Clarke 2009), adult bass commonly make the return migration from spawning grounds under base-
flow conditions (Reinfelds et al. 2013). However, how river flow interacts with barriers to influence 
the movement of post-spawners requires further studies. Furthermore, the growth and reproduction 
rate of post-spawners that stayed in spawning grounds year-round might be different from 
individuals that moved back to feeding grounds. Lastly, while a variety of parameters were tested in 
this study, location-specific fishing pressure (e.g., fishing mortality, catch and release rate, and post-
release mortality), biological parameters (e.g., stock-recruitment relationship and natural mortality), 
fishery characteristics (e.g., effort control or catch limit is more applicable locally) and long-term 
movement data (e.g., movement of juveniles, pre- and post-spawners with flows and barriers) from 
a large sample size will be needed to improve the assumptions in this study and apply this model 
framework on different species and locations. 
 
2.5.3 Future perspective and conclusions 
 
Our study suggests that conserving migratory fish requires coordinated management between 
different water managers and fishery managers. Previous studies indicate the importance of 
incorporating water management into conservation or fishery planning (Brown, Kimmerer & Brown 
2009; Tanimoto et al. 2012). Because climate change and economic development will likely 
increase competition for water resources between human society and other species (Vörösmarty et 
al. 2000; Gillanders et al. 2011), it is critical to assess the dependence among different management 
approaches. This study provided a quantitative approach to evaluate possible cooperation 
opportunities between water and fishery managers. Further studies on local population parameters 
and socio-economic characteristics could improve the accuracy of the model and allow it to be used 
to provide quantitative advice to management, in an analogous fashion to typical fishery stock 
assessments. 
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In conclusion, this study introduces a population dynamics model that incorporates habitat 
connectivity and disturbance scenarios to understand the effectiveness of various fishing regulation 
strategies on population persistence in the Australian bass. The results suggest that while current 
strategies vary in their effectiveness, the response of anglers and indirect stressors such as water 
resource development must be taken into consideration to formulate more comprehensive and 
effective fishery management plans. In addition, this model also could be applied on semelparous 
species such as lampreys, eels and some salmon species by increasing the natural mortality of post-
spawners. Species (or local population) specific parameters will be required for modelling different 
species.  
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CHAPTER 3 
 
Cost-effective Actions for Conserving Australian Diadromous Fish under 
Multiple Stressors 
 
 
Following the results from chapter 2, this chapter compares the cost-effectiveness of seasonal 
closures and restoring connectivity. I further investigated how the cost-effectiveness changes with 
background environmental and disturbance conditions, implementation time, and combinations of 
management actions. The results reveal that the cost-effectiveness of an action can vary with 
background conditions and other actions. Thus any cost-effectiveness analysis should take this 
variation into consideration. 
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3.1 Abstract 
Throughout the world, intensive human disturbances are threatening migratory species by directly 
increasing the mortality within habitats as well as changing the connectivity between habitats. To 
mitigate anthropogenic impacts on biodiversity when the budget is constrained, prioritization 
methods such as cost-effectiveness analysis have been used to improve the efficiency of resource 
allocation. Cost-effectiveness analysis provides a common currency by comparing the expected 
outcomes per cost of different management actions. However, the cost-effectiveness of one action 
may be influenced by other actions or threats in spatially or temporally distant locations due to 
hydrological and biological connectivity in river systems. In addition, the cost-effectiveness of 
management actions may vary when environmental conditions such as the connectivity between 
habitats changed.  
 
We constructed a spatially-explicit population model that incorporates hydrological and biological 
connectivity across a species’ migratory life cycle to investigate the cost of implementing seasonal 
closures and restoring connectivity (through fish ladders and barrier removal) to protect a migratory 
population of Australian bass Percalates novemaculeata. We compared the cost-effectiveness of 
management actions under different magnitudes of river flow, fishing pressures, lengths of time 
after implementing certain action(s) and action combinations. We found that closure of spawning 
grounds to fisheries was the most cost-effective options when river flows were medium to high 
relative to baseline levels. However, the cost-effectiveness of seasonal closures decreased with time 
and when background fishing mortality was low. Furthermore, under low river flows the cost-
effectiveness of restoring connectivity became greater than that of seasonal closures. We discovered 
that the cost-effectiveness of management actions varied with environmental conditions, the time 
after implementing action(s) and whether other actions are also taken. For managing migratory 
species, it is critical to consider the interaction among management actions and the prevailing 
environmental conditions that allow or prevent migration. 
 
Keywords: cost-effectiveness, migration, seasonal closure, restoring connectivity 
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3.2 Introduction 
 
Human disturbances and climate change are decreasing migratory species abundance worldwide 
through impacting population dynamics within habitats (both feeding and spawning grounds) and 
changing the connectivity between habitats (McDowall 1992; Runge et al. 2014). Diadromous fish 
(i.e. species which migrate between freshwater and saltwater habitats) are threatened by impacts 
that occur in riverine and marine habitats (e.g., invasive species, overexploitation, habitat 
degradation and ocean warming (Costa-Dias et al. 2009; Limburg & Waldman 2009)), and loss of 
habitat connectivity by flow modification and migration barriers (Murchie et al. 2008; Kemp & 
O'Hanley 2010). To mitigate the impacts from multiple disturbances, a variety of management 
actions such as: harvest regulation, key habitat protection/restoration, and connectivity 
protection/restoration, are implemented across migration networks (Wilcove & Wikelski 2008; 
Limburg & Waldman 2009; Runge et al. 2014).  
 
Conservation prioritization methods have been developed to help managers efficiently allocate 
resources to mitigate anthropogenic impacts on biodiversity under limited budgets (Game, Kareiva 
& Possingham 2013). For example, strategies evaluating management actions depending on action 
types (e.g., habitat protection, barrier removal or hydrological processes restoration), existing intact 
habitats, critical habitats for focal species, with scoring approaches (e.g., multi-criteria decision 
analysis), systematic conservation planning (e.g., Marxan or Zonation) or cost-effectiveness 
analysis are commonly used to prioritize actions in river restoration planning (Beechie et al. 2008; 
Roni et al. 2012). Among these strategies, cost-effectiveness analyses provide a common currency 
with which to compare both the monetary cost and the overall effectiveness of different 
management actions, and they are among the most common approaches for setting river restoration 
priorities (Kanakoudis & Tsitsifli 2010; Roni et al. 2012). 
 
An action’s cost-effectiveness changes depending on how focal species respond to conservation 
effort (Cattarino et al. 2016), background environmental conditions (Mantyka-Pringle et al. 2016), 
interactions between disturbances and actions (Stewart-Koster et al. 2010), and lengths of time after 
implementing certain action(s) (implementation time hereafter) (Roni et al. 2012). However, 
previous applications of cost-effectiveness analyses in river restoration projects have calculated 
cost-effectiveness a priori for each individual action (Beechie et al. 2008; Roni et al. 2012). 
Bayesian networks have been used to reveal the interactions between disturbances/actions and cost-
effectiveness under changing environmental conditions (Stewart-Koster et al. 2010; Mantyka-
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Pringle et al. 2016). Nevertheless, it is difficult to incorporate temporal dynamics or feedback loops 
into Bayesian networks (Uusitalo 2007) while both the effectiveness and the cost of an action can 
vary through time. For instance, the cost of riparian vegetation restoration or barrier removal will 
incur a one off investment, environmental flow restoration will require continual investment across 
multiple years (Stewart-Koster et al. 2010). Finally, hydrological (i.e. river flow) and biological (i.e. 
species migration and dispersal) connectivity in river systems can extend the effect of restoration 
actions or disturbances to upstream or downstream reaches where they may interact with other 
actions or disturbances in spatially or temporally separated reaches (Pringle 2001; Langhans et al. 
2014). 
 
For migratory species such as salmonids, life cycle models have been used to evaluate effectiveness 
among conservation actions (Kareiva, Marvier & McClure 2000; Scheuerell et al. 2006). However, 
the application of these models focused on prioritizing habitats (rather than actions) and rarely 
incorporated cost (Roni et al. 2012). This is despite the fact that failing to consider cost and 
feasibility can result in inefficient plans (Brown et al. 2015). Some studies explicitly incorporate the 
cost of actions but only consider the effects on one or some parts of migratory life cycle (e.g., Steel 
et al. (2008); Roni et al. (2010)). It is critical to integrate the effects management actions or 
disturbances throughout a species’ life cycle (McDowall 1992) as the effect on one life stage may 
be passed down to subsequent stages within a species’ life cycle (O’Connor & Cooke 2015). 
 
In this study, we assessed the cost-effectiveness of a set of management actions for a diadromous 
fish, Australian bass Percalates novemaculeata throughout its life cycle. To represent the species’ 
response to management actions, we constructed a population dynamics model with a migration 
component in the bass life cycle (Chapter 2) to represent the species’ response to management 
actions. The cost-effectiveness of restoring connectivity (barrier removal and fish ladder 
improvement) and seasonal fishing closures (spawning ground closure, feeding ground closure and 
closing all habitats) were evaluated and compared. We further investigated how cost-effectiveness 
of management actions changes with background environmental conditions, implementation time, 
and a combination of management actions. Based on the results in chapter 2, we expected the cost-
effectiveness among seasonal closures might vary with background river flows and connectivity 
(i.e., with or without barriers) in the river. In addition, the cost-effectiveness of actions that require 
continual investment might decrease with implementation time.  Finally, the cost-effectiveness of 
combinations of actions was expected to be different from the sum of individual actions because of 
the interaction between actions observed in chapter 2. 
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3.3 Methods 
 
3.3.1 Australian bass case study and management costs 
Australian bass is a catadromous fish species that is endemic to south-eastern Australia (Harris 
1987). During the austral winter, mature adults migrate from upstream feeding grounds to estuaries 
to spawn. Post spawners migrate upstream to the lower or middle reaches of rivers in late winter 
and spring (Harris 1986). Like many riverine and diadromous species, rising river flows during the 
spawning season play an important role in gonad maturation (Harris 1986; Harding et al. in press), 
migration initiation (Walsh et al. 2012; Reinfelds et al. 2013; Harding et al. in press) and early 
survivorship (Harris 1986; Growns & James 2005). Anthropogenic barriers, water abstraction, 
habitat degradation and fishing pressure have contributed to the decline of Australian bass 
throughout its range (Harris 1983; Jerry 1997). As an ecologically and socio-economically 
important species (Ebner et al. 2016), several fishing regulations are currently implemented across 
the species’ natural distribution to reduce fishing mortality (Table 3.1) and several studies have 
assessed the effectiveness of restoring connectivity for bass conservation. Measures to restore 
connectivity include creating artificial flow pulses (Reinfelds et al. 2013) and constructing fish 
passages (Stuart & Berghuis 2002; Rolls et al. 2014). 
 
Table 3.1 Currently implemented recreational fishing regulations for Australian bass. Fishing closures only take place 
during spawning season (winter). NSW: New South Wales, QLD: Queensland, VIC: Victoria.  
 
 
 
 
 
 
The Logan River in South East Queensland was selected as our study system because the responses 
of Australian bass to instream barriers and river flows are well documented for this river system 
(Harding et al. in press). We collected data on the costs of seasonal closures, barrier removal and 
fish ladder improvement in the Logan River system from the local water authority, Seqwater (D.T. 
Roberts, per. comm. 2016; Table 3.2). The costs of patrols during the closed season were used to 
represent the costs of seasonal closures, and they were calculated using a rate of $2,000 Australian 
dollars (AUD) per day (two people plus vehicle and expenses) multiplied twice per week for 4 
months (spawning season) per habitat. Because we focused on the comparison of cost-effectiveness 
among actions for managers and authorities, only direct implementation costs were included while 
              Possession limit 
Seasonal closure 
2 fish 2 - 4 fish 
All habitats  NSW 
Spawning ground QLD  
No closure VIC  
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socio-economic costs (e.g., costs in recreational fisheries after fishing closed) and indirect costs 
(e.g., consultation cost) were not analysed. Although two fish ladders have been constructed on both 
weirs in this study, fish can only pass through these weirs during high river flows (Harding et al., in 
press).  Thus, the cost of fish ladder improvement represented the estimated cost for improving the 
passability of existing fish ladders. Artificial flow pulses that can facilitate migration as described in 
Reinfelds et al. (2013) were not applied in our case study, as artificial flows at maximum 
infrastructure release capacity may be too small to initiate fish migration in the Logan River system 
(Harding et al. in press). 
 
Table 3.2 Cost, assumed benefit and investment timing for management actions. All costs in Australian dollars. 
Actions (code) Cost 
($100,000 AUD) 
Assumed benefit Investment 
timing 
Restoring connectivity    
Fish ladder improvement 
(1) 
3 per weir Improve up- and downstream migration to half 
(average between with weirs and without weirs in 
Chapter 2) 
Once 
Barrier removal (2) 12.5 per weir Improve up- and downstream migration to full Once 
Seasonal closures    
All habitats (3) 1.04 Reduce fishing mortality to zero in both habitats Yearly 
Spawning ground (4) 0.52 Reduce fishing mortality to zero in spawning grounds Yearly 
Feeding ground (5) 0.52 Reduce fishing mortality to zero in feeding grounds Yearly 
 
3.3.2 Population model and experiences analysis 
We applied the population dynamics model for diadromous fish from Chapter 2. This model was 
based on a semi-age-structured delay-difference model (Deriso 1980) that simulates abundance over 
time based on survival and recruitment (Fig. 2.1). The assumptions for Australian bass described in 
Chapter 2 were used for mortality, recruitment and the responses towards barriers and river flow 
changes. We varied fishing mortality rates in spawning (ss2 in Fig. 2.1) or/and feeding grounds (sf2 
in Fig. 2.1) and changed migration movement (c1 & c2 in Fig. 2.1) to estimate population abundance 
change by seasonal closures and restoring connectivity respectively. 
 
The magnitude of river flow and the spatial distribution of fishing pressure can affect the results of 
seasonal closures (Chapter 2). Therefore, we ran several simulations assuming different background 
conditions (Tables 3.3 & 4). We crossed three river flow magnitudes (20%, 50% and 90% of fully 
connected flow regime in Chapter 2; the relationship between river flows and fish movement was 
extracted from Fig 2.3 in Chapter 2) with three spatial distributions of fishing pressure (the same 
fishing mortality rates in both habitats; fishing mortality rate is higher in spawning grounds; fishing 
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mortality is higher in feeding grounds; Table 3.4, experiences set 1). We further compared the cost-
effectiveness of actions in increments from low (fishing mortality rate 0.05 per habitat) to high 
(fishing mortality rate 0.2 per habitat) background fishing pressure under medium river flow and the 
same fishing mortality rates in both habitats (Table 3.4, experiences set 2). After running these 
simulations until the population reached equilibrium, we reduced fishing mortality rates in 
spawning or/and spawning grounds and increased both up- and downstream migration (as in Table 
3.2) to compare population abundance change over 5, 10 and 15 year time horizons 
(implementation time). 
Table 3.3 Background conditions of bass population before implementing management actions. The values of fishing 
mortality rate were derived from chapter 2, which represented a range of fishing mortality rate from low to high. 
River flow Distribution of fishing pressures Fishing mortality rate 
 Feeding grounds Spawning grounds 
20% (low) Same in both habitats (medium) 0.15  0.15 
 Higher in feeding 0.20 0.10 
 Higher in spawning 0.10 0.20 
50% (medium) Same in both habitats (low)  0.05 0.05 
 Same in both habitats (low-medium) 0.10 0.10 
 Same in both habitats (medium) 0.15 0.15 
 Same in both habitats (high) 0.20 0.20 
 Higher in feeding 0.20 0.10 
 Higher in spawning 0.10 0.20 
90% (high) Same in both habitats (medium) 0.15 0.15 
 Higher in feeding 0.20 0.10 
 Higher in spawning 0.10 0.20 
 
We calculated cost-effectiveness by dividing the percentage increase in population abundance after 
an action was implemented for t years, by the cost of that action. Higher values represent more 
population increase per dollar. 
Eit = (100 (Ait - P) / P) / Cit,                                                    (1) 
where Eit is the cost-effectiveness of action i after t years, Ait is the population abundance after 
implemented action i for t years, P is the population abundance without implementing any action 
(background conditions) and Cit is the cost of implementing i action for t years. In addition to the 
cost-effectiveness of individual actions, we also calculated the cost-effectiveness of combined 
actions that included restoring connectivity and seasonal closure (Table 3.4, experiences set 3). No 
implementation cost synergy was used in the combination cases. A 6% discount rate per year was 
used for analysis experiences sets 1 to 3, following a previous watershed restoration study in 
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Australia (Townsend et al. 2012), and we further varied discount rates from 2% to 10% following 
Thurston, Heberling and Schrecongost (2009) for sensitivity analysis (Table 3.4, experiences set 4). 
 
Table 3.4 Background conditions, management actions and implementing periods for experiences analysed.  
Background conditions Management 
actions 
Investment period Experiences set 
(description) 
River flows Distribution 
of fishing 
pressures 
Fishing 
mortality rates 
Implementation 
time 
Discount 
rate 
 
Low to high 3 types of 
spatial 
distribution 
Medium Separated 10 years 6% 1 (changing flow 
and spatial 
specific fishing) 
Medium Same in both 
habitats 
Low to high Separated 5 - 15 years 6% 2 (changing 
fishing rate) 
Medium Same in both 
habitats 
Medium Combined 5 - 15 years 6% 3 (combination of 
actions) 
Medium Same in both 
habitats 
Medium Separated 5 - 15 years 2 - 10% 4 (changing 
discount rate) 
 
3.4 Results 
 
3.4.1 Experiences set 1: Comparison of river flow and the distribution of fishing pressure 
The cost-effectiveness of management actions varied with assumed background river flows and the 
spatial distribution of fishing pressure (Fig. 3.1). Seasonal closures were more cost-effective than 
restoring connectivity when river flows were medium to high (Figs. 3.1a - f). Among seasonal 
closures, closing fishing in bass spawning grounds (Fig. 3.1, bars 4 & 7) was the most cost-effective 
action (1.85 - 4.02% gain in abundance per 100,000 AUD) and closing the species’ feeding grounds 
to fishing was the least cost-effective  (0.47 - 2.69% per 100,000 AUD), even when background 
fishing pressure was higher in feeding grounds (Figs. 3.1a & d). The only exception was under low 
river flows and when fishing pressure was higher in the feeding grounds before closing. In this case, 
the cost-effectiveness of feeding ground closures (2.57% per 100,000 AUD) was slightly higher 
than closing spawning grounds (2.23% per 100,000 AUD) or closing all habitats (2.48% per 
100,000 AUD) (Fig. 3.1g). The cost-effectiveness of restoring connectivity became higher (3.91 - 
8.68% per 100,000 AUD) than seasonal closures (-1.13 - 4.02% per 100,000 AUD) when river 
flows were low (20%). Cost-effectiveness of feeding ground closures was reduced when fishing 
pressure was greater in spawning grounds, while the cost-effectiveness of all other actions increased 
with increased fishing pressure in spawning grounds.  
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Fig. 3.1 Cost-effectiveness (y-axis) of management actions (x-axis) under different background river flows (rows) and 
spatial distribution of fishing pressure (columns). Grey bars represent restoring connectivity and dark grey bars 
represent seasonal closures.  
 
3.4.2 Experiences set 2: Comparison of fishing mortality rates and implementation time  
Both fishing mortality rate and implementation time influenced cost-effectiveness of management 
actions, although the effect size varied among actions for restoring connectivity (Table 3.4, 
experiences sets 2 & Fig. 3.2). Cost-effectiveness of the seasonal closures increased with the 
background fishing mortality rate, but decreased with implementation time (Figs. 3.2a - d). For 
instance, when comparing the cost-effectiveness of experiences with mortality rates of 0.05 (Fig. 
3.2a, bars 3 - 5) and 0.20 (Fig. 3.2d, bars 3 - 5) per habitat, we found an increase in the cost-
effectiveness of seasonal closures by 200 - 300%. A longer implementation time reduced the cost-
effectiveness of seasonal closures from 0.6 to 0.05% per 100,000 AUD.  
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Higher background fishing mortality rates increased the cost-effectiveness of restoring connectivity 
(e.g., from 0.26 to 0.69% per 100,000 AUD for fish ladder improvement) for a longer 
implementation times (15 years: Fig. 3.2, bar 1, dark grey). For shorter implementation times, 
higher fishing mortality rates decreased the cost-effectiveness (e.g., from 0.60 to 0.45 % per 
100,000 AUD for fish ladder improvement; 5 years: Fig. 3.2, bar 1, light grey). 
 
Fig. 3.2 Experiences set 2: cost-effectiveness (y-axis) of management actions (x-axis) under low (left) to high (right) 
fishing mortality rates and implementing times (colours of bar). The spatial distribution of background fishing pressure 
was equal in both habitats and river flow was medium (50%).  
 
3.4.3 Experiences set 3: Combining closures and restoration of connectivity  
The cost-effectiveness of action combinations were consistently lower than individual cost-
effectiveness of seasonal closures, and slightly higher than most individual cost-effectiveness of 
restoring connectivity (Table 3.4, experiences set 3 & Table 3.5). Furthermore, the cost-
effectiveness of combined actions varied with implementation time. Four action combinations 
(Table 3.5, rows 1, 2, 3 & 6) showed highest cost-effectiveness after implementing actions for 10 
years, while the cost-effectiveness of two combinations (Table 3.5, row 4 & 5) gradually increased 
with time and highest values were found after 15 years.  
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Table 3.5 Experiences set 3: cost-effectiveness of combined actions and individual actions across 5, 10 and 15 years 
implementing time. The spatial distribution of background fishing pressure was equal in both habitats and river flow 
was medium (50%). Action codes: 1. fish ladder improvement, 2. barrier removal, 3. all habitat closed, 4. spawning 
grounds closed, 5. feeding grounds closed. 
Management actions 
(restoring connectivity) + 
(seasonal closure) 
Cost-effectiveness (% gain in population abundance per 100,000 AUD) of combined 
actions (individual action: restoring connectivity & seasonal closure) 
 5 years 10 years 15 years 
(1) + (3) 1.14 (0.44 & 1.90) 1.23 (0.51 & 1.70) 1.15 (0.49 & 1.50) 
(1) + (4) 1.29 (0.44 & 2.90) 1.51 (0.51 & 2.65) 1.47 (0.49 & 2.36) 
(1) + (5) 0.48 (0.44 & 0.85) 0.49 (0.51 & 0.68) 0.44 (0.49 & 0.58) 
(2) + (3) 0.47 (0.17 & 1.90) 0.62 (0.24 & 1.70) 0.63 (0.25 & 1.50) 
(2) + (4) 0.50 (0.17 & 2.90) 0.69 (0.24 & 2.65) 0.72 (0.25 & 2.36) 
(2) + (5) 0.17 (0.17 & 0.85) 0.23 (0.24 & 0.68) 0.22 (0.25 & 0.58) 
 
 
3.4.4 Experiences set: Discount rates  
The cost-effectiveness of seasonal closures decreased faster through time if lower discount rates 
were applied, however the cost-effectiveness of restoring connectivity was stable across time 
regardless of discount rate (Table 3.4, experiences set 4 & Table 3.6). For example, under a 10% 
discount rate, the cost of closing bass spawning grounds decreased from 3.11 to 2.90% per 100,000 
AUD (Table 3.6). With a 2% discount rate, the cost-effectiveness of the same actions decreased 
from 2.69 to 1.85% per 100,000 AUD (Table 3.6). 
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Table 3.6 Experiences set 4: cost-effectiveness with different discount rates across 5, 10 and 15 years implementing 
time. The spatial distribution of background fishing pressure was equal in both habitats and river flow was medium 
(50%). Action codes: 1. fish ladder improvement, 2. barrier removal, 3. all habitat closed, 4. spawning grounds closed, 
5. feeding grounds closed. 
Management 
actions 
Discount rates Cost-effectiveness over time 
5 years 10 years 15 years 
(1) 2% 0.44 0.51 0.49 
(1) 6% 0.44 0.51 0.49 
(1) 10% 0.44 0.51 0.49 
(2) 2% 0.17 0.25 0.25 
(2) 6% 0.17 0.25 0.25 
(2) 10% 0.17 0.25 0.25 
(3) 2% 1.76 1.45 1.18 
(3) 6% 1.90 1.70 1.50 
(3) 10% 2.03 1.96 1.85 
(4) 2% 2.69 2.26 1.85 
(4) 6% 2.90 2.65 2.36 
(4) 10% 3.11 3.06 2.90 
(5) 2% 0.79 0.58 0.46 
(5) 6% 0.85 0.68 0.58 
(5) 10% 0.91 0.79 0.71 
 
3.5 Discussion 
 
We assessed the cost-effectiveness of two management actions that are currently implemented for 
maintaining Australian bass populations: seasonal closures for fishing and restoring connectivity. 
We found that seasonal closures, especially the closure of spawning grounds, were the most cost-
effective way to improve bass populations over a 15 year period. Fishing pressure, including the 
spatial distribution of fishing mortality rate, the time after implementing certain action(s) and 
discount rate all affected the cost-effectiveness of management actions. While the cost-effectiveness 
of seasonal closures were greater in most cases, restoring connectivity became more cost-effective 
under low river flows. 
 
3.5.1 Seasonal closures vs. restoring connectivity 
The variation in cost-effectiveness among management actions occurs because seasonal closures 
reduce mortality directly in certain habitats, whereas restoring habitat connectivity changes the 
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spatial distribution of the bass population. Barriers such as dams and weirs can impact the 
persistence of migratory fish populations by reducing upstream habitat availability and hindering 
spawning migrations (Costa-Dias et al. 2009; Limburg & Waldman 2009). However, the impact of 
migration barriers (and also the effect of barrier removal) may vary among systems and between 
species (Cooney & Kwak 2013). The two weirs positioned on the Logan River are not considered 
permanent impassable barriers for Australian bass (Rolls et al. 2014), with individuals able to pass 
over these weirs during high river flows (Harding et al. in press). Thus, the effectiveness of 
restoring connectivity was enhanced when river flows were low. However, if climate change 
decreases rainfall and river flows in eastern Australia as some predictions indicate (Hobday & 
Lough 2011), barrier removal may become a priority. Furthermore, the impact of climate change 
may be exacerbated by increasing demand for water from people (Koehn et al. 2011). 
 
The biological and ecological traits of species can also influence the effectiveness of management 
actions. Australian bass often remain in saltwater habitats close to spawning grounds, suggesting 
that the migration to upstream habitats may not be obligatory (Walsh et al. 2012; Reinfelds et al. 
2013; Harding et al. in press). Therefore, the impact of upstream barriers on facultative diadromous 
fish populations may be minor compared to that of direct fishing mortality over a short timeframe. 
As a slow-growing, long-lived fish species with low natural mortality (Harris 1987; Harris 1988; 
Wilde & Sawynok 2005), setting spatial refuges and reducing fishing pressure on mature 
individuals may be a more effective strategy to manage fish stocks (King & McFarlane 2003). 
Furthermore, spawning ground closures can effectively reduce mortality, especially for species that 
form spawning aggregations (van Overzee & Rijnsdorp 2014), such as Australian bass (Walsh et al. 
2012). 
 
The change of a population’s distribution by way of barriers can influence how a population is 
exposed to other disturbances. For example, while the distribution of American eels Anguilla 
rostrata became more concentrated in lower reaches as dams blocked upstream habitats, the 
mortality rate during spawning migration decreases because individuals also experienced fewer 
migration barriers (McCleave 2001). Recreational fishing effort in Queensland is significantly 
higher in estuaries than in freshwater rivers and lakes (Taylor, Webley & McInnes 2012), and thus 
closing bass fishing in spawning grounds (estuaries) or restoring connectivity to freshwater habitats 
where fishing pressure is lower may maintain higher population abundance (Figs. 3.1c, f & i). 
 
In addition to the impact of spatial dynamics on cost-effectiveness, both the biological response 
(i.e., effectiveness in this study) and management costs of actions are temporally dynamic 
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(Mazziotta et al. 2016). The decrease in cost-effectiveness of seasonal closures over long time 
periods was mainly due to the need for continual investment in patrolling for fishery enforcement, 
and was influenced by the discount rate. Similarly, the relationship between cost-effectiveness of 
restoring connectivity and implementation time changed with fishing pressure. As the cost of barrier 
impact mitigation was only incurred in the first year in our simulations, any change in cost-
effectiveness represented changes in the biological response (effectiveness) through time. Temporal 
variation in response times may be expected when disturbances or management actions work on 
different life stages, such as decreasing adult survival rate vs. improving larval survivorship. 
Therefore, our application of a spatial explicit population model could help to reveal variation in an 
action’s response time, thus helping to inform on the most address cost-effective actions in given a 
timeframe. 
 
Although we assumed that seasonal closures require continual investment and restoring 
connectivity does not, it might not be the case in reality. For instance, signage and fines might deter 
fishing in closed fishing zones after a period of enforcement, while fish ladders may require 
infrastructure maintenance and monitoring the effectiveness on a regular basis. Furthermore, 
besides implementation costs, the exploitation and maintenance costs of management actions and 
the opportunity costs of alternatives may also need to be taken into consideration (Terrado et al. 
2016). While the authorities involved in this case study are relatively few (i.e., water and fisheries 
managers), it is common that multiple authorities and stakeholders involve in the same river 
restoration plan (Roni et al. 2012). In this case, socio-economic, commercial and political costs 
should be taken into consideration (Langford & Shaw 2014). The selection of estimated costs, 
which can reflect the real costs in study area, could improve the outcomes of cost-effectiveness 
analysis.   
 
3.5.2 Other options for management 
While we assessed the impacts from anthropogenic barriers, fishing pressure and river flow 
reduction, habitat degradation may also contribute to the decline of Australian bass (Harris 1983; 
Jerry 1997). Some studies suggest that adult and juvenile bass prefer sheltered habitats with riparian 
vegetation and aquatic macrophyte (Harris 1986; Harris 1988). Thus, restoring riparian vegetation 
might benefit the bass population by providing refuges, food resources and increasing dissolved 
oxygen level (Stewart-Koster et al. 2010). Nevertheless, lack of quantified relationships between 
riparian vegetation cover and the bass population (as Jones et al. 2006 for trout) makes it difficult to 
incorporate habitat preferences into population models. While the maximum infrastructure release 
capacity is incapable to facilitate fish migration in the system, restoring river flow might benefit 
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bass in other river systems (e.g., in Reinfelds et al. 2013). Management actions that can benefit 
more than one species or other ecosystem services (e.g., riparian restoration, barrier removal and 
river flow restoration) may be more cost-effective than single species/stock management (e.g., 
seasonal closure for certain species) within the context of biodiversity conservation.  
 
Our results revealed that the cost-effectiveness of combined actions could be less than the cost-
effectiveness of individual actions. This might indicate an antagonistic effect between actions 
(Darling & Côté 2008), or perhaps a saturation of the response by the population to management 
actions (i.e., the effectiveness of actions). Determining the response of species to management 
effort can improve the efficiency of restoration plans (Cattarino et al. 2016), and in some cases, the 
sequence of actions could be critical because the effectiveness of one action might rely on another 
(Roni et al. 2012). For example, the improvement of dissolved oxygen can only benefit migratory 
fish after restored connectivity (Branco et al. 2016). While non-additive (both synergies or 
antagonisms) effects may be more common than simple additive effects in ecological response 
(Darling & Côté 2008), modelling the interaction between management actions and the cost-
effectiveness of combined actions may improve the efficiency of allocating resources than 
comparing the cost-effectiveness of each action individually. 
 
3.5.3 Future direction and conclusion 
 
In addition to the assumptions discussed in Chapter 2 (e.g., density dependence was only applied to 
early survivorship, linear relationship between recruitment and river flow, and no relationship 
between river flow and the movement of post-spawners), one important assumption is that we only 
modelled the impact of barriers on adult fish distribution. In practice, barriers could affect the stock-
recruitment relationship and mortality of every stage class. In teleost fish, reproductive effort and 
fecundity increase with fish length (Duarte & Alcaraz 1989). Higher reproduction success is found 
in bigger sized, migratory females compare to smaller, sympatric non-migratory individuals in 
Salmonids (Thériault, Bernatchez & Dodson 2007). Therefore, barriers that reduce the availability 
of upstream habitats for Australian bass might impact population reproductive output because 
different growth rates of female bass were observed among freshwater and saltwater habitats 
(Harris 1987). Weirs might also reduce primary production in estuaries so impact recruitment by 
trapping nutrients from upstream and modifying downstream salinity and dissolved oxygen profiles 
(Sheaves et al. 2014). Although no migration mortality was observed during our study period, 
delayed mortality and lowered reproductive success might occur after fish have successfully passed 
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barriers (Roscoe et al. 2011). Further studies that quantify other latent impacts on population 
dynamics can improve our ability to evaluate the effectiveness of management actions. 
 
In summary, this study compared the cost-effectiveness of two management actions commonly 
applied to maintain migratory fish populations; seasonal closures and restoring connectivity. Our 
findings indicate that spawning ground closures could be one of the most cost-effectiveness ways 
for maintaining populations of Australian bass, whereas the costs of barrier impact mitigation was 
only effective when river flows or fishing mortality were low. The most effective management 
actions for migratory species depend on the environmental conditions that influence the 
connectivity between habitats (e.g., river flows) and the distribution of disturbances (e.g., fishing 
pressure).  
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CHAPTER 4 
 
Climate Change Decouples Marine and Freshwater Habitats of a 
Threatened Migratory Fish 
 
 
Investigating stressors throughout the whole range of a species’ distribution can provide a more 
holistic view for species vulnerability assessment than examining local dynamics within meta-
populations. This chapter illustrates the importance of considering stressors across ecosystems and 
the connectivity between them to maintain the persistence of migratory species. Conservation 
actions that take place in one habitat may fail to protect migrants if habitat loss occurs in adjacent 
ecosystem. Furthermore, the priority of conservation actions implementing in one ecosystem could 
be affected by the stressors in the other. The results can be used to inform national or statewide 
restoration plans. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A version of this chapter has been submitted to Diversity and Distributions (under review when 
submitted this thesis, now has been published): 
Lin HY, Bush A, Linke S, Possingham HP, Brown CJ. Climate change decouples marine and 
freshwater habitats of a threatened migratory fish. 
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4.1 Abstract 
 
Ongoing climate change represents a serious threat to the biodiversity of many ecosystems. 
Migratory species are expected to be particularly vulnerable given their dependency on connections 
between multiple intact habitats. For example, diadromous fish are susceptible to the impacts of 
climate change in both freshwater and marine habitats. In addition, there may be a mismatch in 
distribution of suitable habitats under climate change because anthropogenic barriers constrain the 
freshwater habitats available to migratory species, while the rate of warming has generally been 
faster in the ocean. We predicted impacts of climate change by modeling changes to habitat 
suitability in both riverine and marine habitats for a threatened diadromous species, the Australian 
Grayling Prototroctes maraena, including the impact of dams on freshwater migration. At the 
trailing edge of the Grayling’s range (northeastern), climate change is expected to cause local 
extinction in both marine and river habitats regardless of whether dams are retained or removed. 
Rising sea surface temperatures may also decrease habitat suitability in the middle of their current 
range, but cooler water at their poleward range boundary (south-western) will continue to provide 
suitable nursery habitat. The decoupling of habitats was most apparent in the eastern and south-
eastern portion of the Grayling’s range, where ocean warming could cause a decline in the 
suitability of marine habitats for larvae, while many freshwater habitats remain suitable for adults. 
Dam removal, which reconnects ocean and freshwater habitats, was predicted to have the greatest 
benefit for Grayling in southern portions of their range. Increasing suitability of freshwater habitats 
at higher elevations also shifts the benefits of removing barriers toward dams at higher elevation. 
Our study highlights the importance of assessing climate range shifts in multiple ecosystems for 
migratory species and can help inform priorities for stream restoration under a changing climate. 
 
Keywords: climate change, threatened species, migration, freshwater habitat, marine habitat, global 
warming 
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4.2 Introduction  
 
Climate change is expected to have a significant impact on biodiversity worldwide, with responses 
already observed at many levels including shifts in the distribution of many species, their 
phenology, and their population dynamics (Settele et al. 2014). The rate and direction of isotherms 
shift through space (i.e., climate velocity) has been analysed across ecosystems (Loarie et al. 2009; 
Burrows et al. 2011) to assess possible rates and directions of species-range shifts (Pinsky et al. 
2013; Burrows et al. 2014). While shifting distribution has been observed and predicted in 
terrestrial (Chen et al. 2011), marine (Poloczanska et al. 2013) and freshwater (Comte et al. 2013) 
ecosystems, the rates of range shift vary among species and ecosystems (Sorte, Williams & Carlton 
2010). Observed range shifts have been faster in marine systems than those of terrestrial systems 
(Sorte, Williams & Carlton 2010; Sunday, Bates & Dulvy 2012). Therefore, decoupled shifts of 
currently connected habitats might impact the persistence of species that migrate across realms 
(Saunders et al. 2016). 
 
Migratory species may be particularly vulnerable to population decline and extinction under climate 
change because they will be affected by change in both the ecosystems they inhabit, as well as their 
migration routes (Robinson et al. 2009; Runge et al. 2014). Diadromous fish, which migrate 
between marine and freshwater ecosystems (McDowall 1988), exemplify the risk climate change 
poses to migratory species. The populations of many diadromous fish have undergone a dramatic 
decline worldwide due to habitat loss, overfishing, invasive species, pollution and climate change 
(Costa-Dias et al. 2009; Limburg & Waldman 2009; Mota, Rochard & Antunes 2016). Further 
climate change may lead to a disconnect between the marine and freshwater habitats required by 
diadromous fish because the climate velocity has been higher in the ocean than on land at the same 
latitudes during the past 50 years (1960 - 2009) (Burrows et al. 2011). However, most studies have 
focused on changes of diadromous species’ distributions in either riverine (e.g., Lassalle et al. 
(2008); Lassalle et al. (2009); Lassalle and Rochard (2009); Bond et al. (2011)) or marine habitats 
(e.g., Lynch et al. (2014)) in spite of both habitats being required to complete their life cycles. 
Studies suggest that the combined effect of climate change in both freshwater and marine 
environments threaten the persistence of diadromous fish populations such as Atlantic salmon 
Salmo salar (Piou & Prévost 2013) and anguillid eels Anguilla spp (Kettle, Asbjørn Vøllestad & 
Wibig 2011; Jacoby et al. 2015). Therefore, assessing and integrating the impacts across habitats 
and life stages are keys for the conservation of diadromous fish (McDowall 1992). 
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Climate change generally causes the distributions of marine fish to shift to higher latitudes and 
deeper waters (Pinsky et al. 2013; Poloczanska et al. 2013), and freshwater fish to shift to higher 
altitudes and latitudes (Comte et al. 2013). However, anthropogenic barriers can make upstream 
habitats unavailable to fish despite the apparent presence of suitable habitat (Bond et al. 2011; 
Comte & Grenouillet 2015). Here we argue that ignoring the dependence of diadromous species on 
both freshwater and marine habitats, and the impacts on connectivity due to anthropogenic barriers 
will underestimate their preceived vulnerability to climate change. 
 
The Australian Grayling Prototroctes maraena is a diadromous fish endemic to the coastal rivers of 
south-eastern Australia. Adult fish migrate to lower reaches of a river to spawn during autumn and 
winter with increased river flows (Koster, Dawson & Crook 2013; Amtstaetter, O'Connor & 
Pickworth 2016). After 4 - 6 months at sea, juveniles migrate upstream to freshwater habitats to 
grow and mature (Berra 1982; Crook et al. 2006). Since European settlement Grayling has 
undergone severe population declines and is now protected by state and federal legislations, as well 
as being on the IUCN Red List (Backhouse, Jackson & O’Connor 2008b). Anthropogenic barriers, 
river regulation, habitat degradation, invasive species and climate change are considered as primary 
threats for Grayling (Backhouse, Jackson & O’Connor 2008a). Barriers that prevent migration lead 
to the local extinction of upstream populations (Gehrke et al. 2002; McDowall 1993) because 
obligatory migrants like Australian Grayling can only persist in habitats connected to the sea 
(Backhouse, Jackson & O’Connor 2008a). The persistence of the Australian Grayling is particular 
significant because after the extinction of New Zealand Grayling P. oxyrhynchus (last collected in 
1930), it is the only member of the Prototroctes genus remaining (McDowall 2006). 
 
In this study, we use niche models to assess the vulnerability of Australian Grayling to future 
climate change due to shifts in the suitability of both freshwater and marine habitats. We compared 
the loss of riverine habitats for Grayling with or without considering the impact of climate change 
on adjacent marine nursery habitats. The location of anthropogenic barriers was also incorporated to 
evaluate what impact their removal might have on habitat availability, and how priorities for dam 
removal might change under climate change. 
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4.3 Methods 
 
4.3.1 Occurrence records and environmental data  
Occurrence data for Australian Grayling in freshwater habitats were collected from the Australian 
Museum, New South Wales Department of Primary Industries and Victorian Biodiversity Atlas, 
and additional records form the Atlas of Living Australia database (http://www.ala.org.au; i.e. 
Museum Victoria, West Australian Museum, Queen Victoria Museum and Art Gallery, Tasmanian 
Museum and Art Gallery, and Queensland Museum). Records prior to 1975 were discarded to 
match the climatic baseline. In total, records of Australian Grayling from 241 sub-catchments were 
used to train the niche model, spread across all the major coastal catchments of south-eastern 
Australia. 
 
Environmental data for building the freshwater habitat model was structured to reflect the 
hydrological network of rivers based on the National Catchment and Stream Environment Database 
V.1.1.3, part of the Australian Hydrological Geospatial Fabric (Stein, Hutchinson & Stein 2014). 
Downscaled climate and hydrological parameters were provided by James et al. (2013) with 
additional recent climate data from the eMAST portal (Whitley et al. 2014). Future climate 
conditions were projected from a seven-GCM (Global Climate Model) ensemble that performed 
well in south-eastern Australia (Fordham, Wigley & Brook 2011) as a “best estimation” of future 
freshwater habitat distribution. 
 
For marine habitats, downscaled Australian coastal water temperature for current condition was 
extracted from OH14 (Oliver & Holbrook 2014). We used a different set of GCMs for the marine 
realm because the connection between predicted land surface temperature and adjacent sea surface 
temperature is weak the in extra-tropics (28°N/S to the poles) and there is little agreement among 
projections from different GCMs of extra-tropical sea surface temperature (Tyrrell et al. 2015; 
Wang, Dommenget & Frauen 2015). Therefore, two GCM projections from Earth System Grid 
Federation (ESGF) were used to span the range of possibilities from medium (HadGEM2-ES) to 
severe (FGOALS-s2) ocean warming of the Grayling’s marine habitat. Only winter (May to 
October) sea surface temperature were extracted because Australian Grayling larva occupied marine 
nursery habitats during winter to spring (Berra 1982; Crook et al. 2006) and the ocean warming was 
projected differently across seasons in south-eastern Australian (Koehn et al. 2011). Representative 
Concentration Pathways (RCP) 8.5 was used to explore the worst case greenhouse gases emission 
scenario for 2055 and 2085. 
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4.3.2 Modelling suitable habitat  
A range of climatic, hydrological and topographic variables potentially important to the distribution 
of diadromous fish were considered in model testing (e.g., Lassalle and Rochard 2009, Bond et al. 
2011, and Leathwick et al. 2008). After removing correlated factors, complementary predictor 
variables were selected through forward selection using AIC (Warren & Seifert 2011). Selected 
variables for modelling Australian Grayling included maximum air temperature, precipitation 
seasonality, mean annual flow, slope in sub-catchment, and maximum slope downstream. Given we 
could not reliably infer absences (Guillera-Arroita, Lahoz-Monfort & Elith 2014), freshwater 
habitat suitability was modelled using an ensemble of five presence-only algorithms (GAM, GLM, 
GBM, MARS, MAXENT) that were fitted in R (R Core Team 2015) using the 
packages dismo (Hijmans et al. 2013) and biomod2 (Thuiller et al. 2009), and weighted using the 
True Skills Statistic (Allouche, Tsoar & Kadmon 2006). This produced continuous probabilities of 
occurrence (habitat suitability) under given climate scenarios. Our modelling covered the full 
distribution of this species. For presentation of results we divided the range into northern, central 
and southern sections that align with state boundaries and hence the different management 
jurisdictions. 
 
We used current and projected coastal water temperature to represent the potential range shift of 
suitable habitats in the sea because sea surface temperature has been recognized as a main driver for 
distribution shifts in marine species and marine populations more fully occupy the extent of their 
thermal tolerance ranges than terrestrial populations (Sunday, Bates & Dulvy 2012; Poloczanska et 
al. 2013). Furthermore, the larval stages of many temperate freshwater amphidromous fishes are 
recorded in coastal waters where are close to river months rather than oceanic habitats (Watanabe et 
al. 2014). Finally, the narrower thermal windows of larval fish (Pörtner & Farrell 2008) may 
constrain their distribution within the suitable temperature range. Thus, the range of mean winter 
coastal water temperature which covers all river mouths with adult fish recorded upstream was used 
to represent a suitable temperature range for larvae as no distribution data for Australian Grayling 
larvae is available. Binary outputs have been produced to represent suitable (projected temperature 
is within current temperature range) vs. unsuitable (projected temperature is outside current 
temperature range) habitats in the sea for each climate scenario. 
 
 
4.3.3 Assessing habitat change by climate change and dams  
We focused on the potential habitat shifts in sixty-three “important rivers” that have been identified 
as crucial to long-term population persistence in the National Recovery Plan for the Australian 
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Grayling (Backhouse, Jackson & O’Connor 2008a). The northern, central and southern sections of 
the Australian Grayling range included three important rivers in New South Wales (NSW), 31 in 
Victoria (VIC) and 29 in Tasmania (TAS). Although headwaters of the Snowy River are within 
New South Wales, the river was assigned to the central section (Victoria) because its estuary is 
further south. The extent of suitable habitats was calculated as the sum of river segment lengths 
(Stein, Hutchinson & Stein 2014) weighted by the projected habitat suitability in each climate and 
management scenario. 
 
The extent of suitable freshwater habitat was calculated 
1) under current conditions and following climate change in 2055 and 2085,  
2) with and without dams, and  
3) with and without considering climate change in coastal waters.  
We assessed the impact of lost freshwater connectivity on habitat extent by comparing totals for 
standard projections that neglect dams (“Dams excluded”), and totals after suitability was reset to 
zero for all streams and rivers upstream of a dam (“Dams included”). Dams in this study are major 
obstructions on rivers excluded road crossing, which were extracted from Surface Hydrology Data, 
Geoscience Australia, Australian Government. We assessed habitat gain by gradually removing the 
top ten dams that blocked most upstream habitat (length weighted by suitability) following the steps 
below. First, we calculated the habitat size between every dam and headwater or another upstream 
dam. Then we gradually removed dams that blocked access to the most upstream habitat (i.e., 
greatest gains in suitable habitat extent after removal). Due to the obligatory marine larval stage of 
Australian Grayling (Crook et al. 2006), only the removal of dams that had no other barriers 
downstream were considered for each move. The removal of any upstream dam within a series of 
dams will be considered after downstream dam was removed in a previous decision. Finally, we 
calculated potential habitat loss of all upstream freshwater habitats if downstream coastal water 
temperature was considered unsuitable, and assessed how this affect the priorities of top ten dams. 
We calculated habitat size changes using graph metrics to incorporate river hydrographic network 
(Saunders et al. 2016) by R package igraph (Csardi & Nepusz 2006). 
 
4.4 Results 
 
4.4.1 Habitat suitability in rivers and the sea 
Maximum air temperature was recognized as the most important variable that contributed to the 
distribution of grayling in rivers among different models, followed by maximum slope downstream 
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and precipitation seasonality (Table 4.1). The influences of slope in sub-catchment and mean annual 
flow were relatively minor. 
  
We predicted the extent of suitable habitat for Australian Grayling will decline dramatically 
throughout its range by 2085 (Figs. 4.1, 4.2 & 4.3). The suitability of freshwater habitat was 
predicted to decline in New South Wales (northern portion of the range: decrease 78 % in 2055 & 
100% in 2085), and some areas of central Victoria (central portion of the range: decrease 47% in 
2055 & 77% in 2085, Fig. 4.1). In Tasmania (southern portion of the range: decrease 11% in 2055 
& 29% in 2085) we predict both habitat losses and gains among different rivers (Figs. 4.1, 4.2c, 4.2f 
& 4.3c). The impact of climate change on marine habitats varied among GCMs and states (Figs. 4.1 
& 4.2). While a mild warming from the north was found with HadGEM2-ES in 2055 and 2085, the 
water temperature in coastal New South Wales, eastern Victoria and north-eastern Tasmania might 
become less suitable for larval fish in 2085 subject to the FGOALS-s2 projections. The southerly 
shift of suitable marine habitats was predicted to occur more rapidly than freshwater habitats (Fig. 
4.1). Decoupling between marine and freshwater habitats might occur in New South Wales under 
both medium and severe marine warming projections (Figs. 4.1, 4.2a, 4.2d & 4.3a), and in Victoria 
(Figs. 4.1, 4.2e & 4.3b) and Tasmania (Figs. 4.1, 4.2f & 4.3c) under severe ocean warming. 
 
4.4.2 Priorities of dam removal under climate change 
Dams had a significant impact on the extent of suitable freshwater habitat in New South Wales 
under current climate conditions (blocked 44.5% of total habitat) and in Tasmania under current or 
future climate conditions (blocked 34 ~ 36% of total habitat) while a relatively minor impact was 
found in Victoria (blocked around 12% of total habitat) (Fig. 4.3). Climate change in both riverine 
and marine habitats influenced the highest priority dams for removal, especially in Victoria (Fig. 
4.4b). Under moderate ocean warming, the removal of upstream dams became more important 
because of the upward shifts in suitable habitat (arrow 1 in Fig. 4.4b). However, severe ocean 
warming from the east (Tasman Sea) made the removal of dams in central or western Victoria more 
important (arrow 2 in Fig. 4.4b). None of the dams in New South Wales were a removal priority for 
maintaining Grayling’s habitat connectivity because both freshwater and marine habitats were 
projected to become unsuitable under climate change (Figs. 4.3a & 4.4a). The distribution of 
freshwater habitats and hence priorities for dam removal in Tasmania remained relatively stable 
under medium ocean warming (Fig. 4.4a) but more severe warming in the north-east increased the 
importance of removing dams from south-western Tasmania (arrow 3 in Fig. 4.4a).  
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Table 4.1 The importance of variables in different models.  
 
 
 
Variables GAM GLM GBM MARS 
MAXENT 
(Permutation 
importance) 
MAXENT 
(Percent 
contribution) 
Maximum air 
temperature  
0.617 0.673 0.66 0.466 50.7 58.6 
Maximum slope 
downstream 
0.236 0.265 0.305 0.264 14.1 16.7 
Precipitation 
seasonality 
0.239 0.164 0.196 0.263 10.8 15 
Slope in sub-
catchment 
0.14 0.116 0.142 0.097 5 5.3 
Mean annual flow 0.085 0.058 0.112 0.242 19.5 4.4 
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Fig. 4.1 Study region (a) and projections of current (d) and future (2055 & 2085) suitable habitats for Australian 
Grayling under Representative Concentration Pathways 8.5. Global climate model (GCM) for freshwater habitats is a 
seven-GCM ensemble and GCMs for marine habitats are HadGEM2-ES (b & c) and FGOALS-s2 (e & f). NSW: New 
South Wales, VIC: Victoria and TAS: Tasmania. 
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Fig. 4.2 The extent of predicted riverine habitat with (filled triangles) or without (hollowed circles) dams 
versus predicted sea surface temperatures from two Global Climate Models (HadGEM2-ES/Medium: a – c; 
FGOALS-s2/Severe: d - f) in New South Wales (NSW, three important rivers, a & d), Victorian (VIC, thirty-
one rivers, b & e) and Tasmanian (TAS, twenty-nine rivers, c & f) rivers. The shaded area indicates the 
temperature range of coastal waters from the current distribution of Grayling and each point indicates a 
single river. 
 
 
Fig. 4.3 The extent of predicted riverine habitat for sequentially removing dams in order of new habitat made 
available in (a) New South Wales (5 dams total), (b) Victoria (10 dams total) and (c) Tasmania (10 dams 
total) under current (2015), 2055 and 2085 climate conditions without considering ocean warming (Fr: 
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climate range shift modelled in freshwater only), or with a medium (Med: HadGEM2-ES) or a severe (Sev: 
FGOALS-s2) ocean warming. 
 
 
 
 
 
Fig. 4.4 Plot of priority dams for removal in (a) New South Wales, (b) Victoria and (c) Tasmania under 
current (2015), 2055 and 2085 climate conditions without considering ocean warming (Fr: freshwater only), 
or with a medium (Med: HadGEM2-ES) or a severe (Sev: FGOALS-s2) ocean warming. Symbols on the 
maps represent dams and match to symbols on the line charts. Line charts show shifts in the rank priorities of 
dams over time and under different ocean warming models. Arrows show the upward (hollowed) and west- 
or southward (solid) shifts of dams for remove through time. 
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4.5 Discussion  
 
The mismatch in timing between migration and resources availability among habitats is relatively 
well studied (Rijnsdorp et al. 2009; Robinson et al. 2009), compared to the decoupling of critical 
habitats under climate change (Wauchope et al. 2016). Our results revealed that ignoring the 
differences in the rate of climatic change and species’ sensitivity within separate habitats could fail 
to conserve species that require multiple connected habitats to complete their life cycle. 
Furthermore, changing the spatial distribution of suitable habitats in different ecosystems might 
interact with anthropogenic disturbances, like dams (Chapter 2). Therefore, the impact of climate 
change on inter-systems connectivity should be taken into consideration for conservation planning 
(Álvarez-Romero et al. 2011; Saunders et al. 2016). 
 
For Australian Grayling, our results (see 4.4.1) indicated that north-eastern (trailing edge) 
populations are likely to experience dramatic declines or even local extinction based on the 
projected decrease in suitability of both freshwater and marine habitats. In addition, the extent of 
suitable habitats was more stable in south-western populations, but anthropogenic barriers reduced 
the accessible habitats. Climate change could be the major threat to the persistence of Grayling in 
New South Wales and Victoria, but anthropogenic barriers will continue to be the most important 
constraint in Tasmania. 
 
The increasing temperature of marine nursery habitats could compromise the viability of local 
populations in adjacent river catchments. Studies indicate that early life stages of fish are more 
vulnerable to climate change (Pörtner & Farrell 2008; Rijnsdorp et al. 2009) and the stress 
experienced during early stages may have long-term negative impacts on individual fitness and 
population dynamics (Morrongiello et al. 2014; O’Connor & Cooke 2015). Significantly warming 
in coastal waters and lower river flows in south-eastern Australia might also impact the primary 
production in coastal waters (Booth, Bond & Macreadie 2011; Hobday & Lough 2011; Koehn et al. 
2011). In addition, the intensification of Eastern Australian Current has caused south shifts of many 
marine species by increasing water temperature and transporting pelagic larva further south (Booth, 
Bond & Macreadie 2011; Wilson et al. 2016). Since the warming in Tasman Sea is consistently 
projected by different GCMs (Hobday & Lough 2011) and the rate of observed ocean warming is 3 
– 4 times higher than global average (Hobday & Pecl 2014), this potential decoupling might impact 
species migration and energy flows between coastal and marine systems in eastern Australia. While 
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the highest species richness of Australian diadromous fish (especially amphidromous and 
catadromous species that spend early life stages in marine/saltwater habitats) is found along the east 
coast of the continent (Miles 2007), it is important to assess how the decoupling affects local and 
regional species diversity. 
 
Genetic studies suggest that diadromous fish may have a greater dispersal ability than freshwater 
fish because they can move between river catchments through marine life stage (Chenoweth & 
Hughes 1997; Schmidt et al. 2011). Therefore, populations in high quality habitats can serve as a 
source to recolonize habitats where local extinction occurred (Schmidt et al. 2011). However, 
barriers between freshwater and marine habitats can severely constraint their dispersal ability to 
novel or restored habitats (Leathwick et al. 2008; Lassalle, Crouzet & Rochard 2009). Similar to 
our results, suitable habitats for freshwater fish have been observed and predicted shifting upward 
along altitudinal gradients and poleward in Australia (Bond et al. 2011) and globaly (Comte et al. 
2013). The expansion of suitable habitat from lower to further upstream reaches may occur for 
some diadromous fish (Bond et al. 2011). However, barriers along rivers could make these novel 
habitats still inaccessible for fish (Lassalle & Rochard 2009). 
 
4.5.1 Implication for conservation management  
The prioritization of barrier removal to restore river connectivity has become a major focus of 
freshwater conservation worldwide (Kemp & O'Hanley 2010; Hermoso, Januchowski-Hartley & 
Linke 2015; Neeson et al. 2015). Furthermore, this prioritization may become more critical because 
climate change and economic development will likely increase competition for water resources 
between human society and other species (Vörösmarty et al. 2000). While the changes in local 
climate and hydrological characteristics by climate change can be important for barrier removal and 
river restoration (Palmer et al. 2009), we suggest that the future distribution of suitable habitats for 
protected species should also be taken into consideration. In this study, several dams were 
recognized as important barriers that blocked the most upstream habitats across different years and 
model treatments, which might indicate the importance of these locations for restoring connectivity. 
However, because the cost of dam removal was not included in the analysis, the outcome of this 
study primarily provided suggestions for places where may need more attention for restoring 
connectivity under changing climate. The incorporation of socio-economical cost and estimate 
future water need in human society is critical for the applicability of barrier removal project. 
 
There are numerous sources of uncertainty when predicting species’ future distribution (Buisson et 
al. 2010; Bush & Hoskins in press), and these can be roughly divided into three parts; climate 
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uncertainties, methodological uncertainties, and biotic uncertainties (Pacifici et al. 2015). We use 
ensembles of GCMs and modelling algorithms to balance the variation among climate projections 
and species distribution modelling methods (Fordham, Wigley & Brook 2011; Pacifici et al. 2015), 
and identify more likely outcomes but nonetheless stress the importance of including uncertainties 
in conservation planning (Carvalho et al. 2011). Further, biotic uncertainties arise partly from the 
assumption that assumes species’ current distribution is in equilibrium with surrounding 
environmental variables and these relationships are consistent under future climate conditions might 
not be realistic (Pacifici et al. 2015). While correlative models estimate realized niche, using 
mechanistic models that consider species traits may improve our understanding about how 
fundamental niche and population dynamics change after climate change (Rougier et al. 2015). The 
uncertainty might also occur in our assumption of larval distribution in coastal waters. Further 
studies about the distribution, physiological traits and thermal tolerances of marine larval stages for 
diadromous species are needed to improve the outcome of this study. Other constraints such as 
biotic interactions or non-climatic stressors can provide a more realistic view to assess future 
distribution (Franklin 2013). For example, as introduced salmonids contribute to the decline of 
Australian Grayling and other galaxioids (McDowall 2006), future distribution shifts of exotic 
species could change the predation or competition pressure on native species. In addition, land-use 
change and water abstraction plans can also impact the future distribution of Australian Grayling 
(Backhouse, Jackson & O’Connor 2008a). 
 
Besides changing the distribution of suitable habitats, climate change can also impact connectivity 
between freshwater and marine habitats by changing hydrology and increasing the intensity of 
human water use such as water abstraction (Gillanders et al. 2011; Saunders et al. 2016). Decreased 
annual runoff and increased temperature are projected in south-eastern Australia catchments 
(Morrongiello et al. 2011) and both factors can severely lower spawning and recruitment success of 
Australian Grayling (Shenton, Hart & Chan 2011). Thus, maintaining natural flow regimes in the 
“important rivers” during autumn and spring to secure reproduction success, and restoring riparian 
vegetation to mitigate warming temperature are likely to be critical to conserve this threatened 
species (Shenton, Hart & Chan 2011; Shenton, Hart & Chan 2014; Amtstaetter, O'Connor & 
Pickworth 2016). 
 
4.5.2 Future directions and conclusion   
While we modelled the distribution of suitable habitats only, models that have the ability to 
simulate both population dynamics and the distribution of migratory fish under climate change have 
been developed (e.g., GR3D in Rougier et al. (2015)). However, their complexity and data 
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requirements make them less suitable for poorly-studied species. Meta-analysis has shown previous 
works disproportionately focused on the impact of climate change on migratory birds and some 
fishes in northern hemisphere such as salmonids while neglecting other animal groups (Robinson et 
al. 2009; Comte et al. 2013). Conservation plans based on anadromous (i.e., adults live in saltwater 
habitats but migrate to freshwater for reproduction) salmonids may not be effective for species with 
different migration types such as amphidromy (i.e., adults live in freshwater but early life stages are 
in saltwater habitats, e.g., Australian Grayling), catadromy (i.e., adults live in freshwater but 
migrate to saltwater habitats for reproduction, e.g., freshwater eels) or potamodromy (i.e., fish 
migrates among different freshwater habitats, e.g., lake sturgeon) (McDowall 1999; McIntyre et al. 
2015). 
 
The number of studies that incorporate the impact of climate change into spatial conservation 
prioritization has increased over the past decade (Jones et al. 2016). Incorporating the impact of 
climate change into conservation planning, such as prioritizing conservation actions for future 
distribution, climate refugia and connectivity as in ours and other studies (e.g., Schmitz et al. 
(2015), Jones et al. (2016), and Iwamura, Fuller and Possingham (2014)), can help to achieve the 
conserve species persistence under changing climate. 
 
In conclusion, we predicted that climate change will decouple connections between the habitats 
Grayling need to complete their lifecycles. Thus, climate-driven decoupling of habitats threatens the 
persistence of Grayling and influences the most effective places to restore freshwater connections 
by removing barriers. We suggest that decoupling of connections among habitats might become an 
issue more generally for migratory species facing rapid climate change within their ranges. While 
the loss or degradation in one habitat can influence the population dynamic in another habitat 
(O’Connor & Cooke 2015), integrating impacts throughout species’ life history can improve the 
effectiveness of conservation actions.   
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CHAPTER 5 
 
Impact of Anthropogenic Disturbances on a Diverse Riverine Fish 
Assemblage Predicted by Functional Traits 
 
 
Identifying and assessing changes in community structure under stressors can be used to indicate 
possible changes in ecosystem function and processes. This chapter examines how different 
stressors impact the structure of communities including migratory and non-migratory species. I also 
evaluated the power of detecting and predicting of two commonly used methods, taxonomic and 
trait-based analysis. The results provide a framework which can be used to identify and predict 
community change and species vulnerability across sites with different species compositions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A version of this chapter is under review with Freshwater Biology (under review when submitted 
this thesis, now has been published): 
Lin HY, Jupiter SD, Jenkins AP, Brown CJ. Impact of anthropogenic disturbances on a diverse 
riverine fish assemblage predicted by functional traits. 
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5.1 Abstract 
 
Anthropogenic disturbances particularly affect biodiversity in sensitive freshwater ecosystems by 
causing species loss. Thus, measuring the response of species to multiple disturbances is a key issue 
for conservation and environmental management. As it is not practical to assess the response of 
every species in a community, we compared the performance of trait and taxonomic-based 
groupings of species for their abilities to predict species loss in a threatened freshwater fish 
assemblage. Specifically, we examined responses of a Fijian freshwater fish assemblage to 
deforestation, placement of anthropogenic barriers (overhanging culverts) and the presence of 
introduced cichlids. Species grouped by traits showed more consistent responses to disturbances 
than taxonomic groups. In particular, species belonging to trait groups that were estuary-associated, 
favoured medium to hard substrate or feeding specialists were highly likely to be absent in 
catchments with high deforestation and overhanging culverts. The presence of introduced cichlids 
(Oreochromis mossambicus & O. niloticus) had a smaller effect than deforestation and barriers, but 
was negatively associated with species richness of diadromous species with climbing ability and 
positively associated with presences of some piscivores. The trait groups also revealed that 
detritivores, species favouring soft substrate and those with a broad dietary range were less sensitive 
to anthropogenic disturbances. Our study indicates that using species’ traits to predict species loss 
from disturbed environments can aid in detecting the responses of rare species to disturbance. In 
addition, we provided a method to estimate the consistency of species’ response to disturbance. This 
study may ultimately help managers identify the most effective actions for conserving sensitive 
species that are rarely recorded. 
 
 
Keywords: functional trait; river ecosystem; deforestation; overhanging culverts; introduced 
species 
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5.2 Introduction 
 
Biodiversity loss caused by human disturbances is occurring faster than species responses to human 
disturbances can be measured (Pimm et al., 2014; Rondinini et al., 2014). Species in freshwater 
ecosystems may be particularly susceptible to local extirpations due to intensive anthropogenic 
disturbances (Dudgeon et al., 2006). Major threats to freshwater biodiversity include habitat 
degradation, hydrological modiﬁcation, water pollution, invasions and overexploitation, with many 
of the above co-occurring (Schinegger et al., 2012; Stendera et al., 2012). Further, obligate or 
facultative migrations of many riverine species across connected habitats make them vulnerable to 
multiple disturbances throughout river networks (Pringle, 2001; Dudgeon et al., 2006). 
Discriminating the impacts of multiple disturbances is thus a key challenge for designing 
appropriate conservation interventions to address the threats most likely to cause species loss (Light 
& Marchetti, 2007; Mouillot et al., 2013). 
 
While it is not practical to assess the response of every species individually, the response of one 
species to a disturbance can be predicted from the known responses of closely related or 
functionally similar species. However, rarely has the performance of different methods for assessing 
species’ responses to disturbance been evaluated. Taxonomic ranks are commonly used to group 
species (e.g., by how species in different families/genera respond to specific disturbance, 
Weilhoefer (2011)). However, taxonomic ranking methods have several weaknesses, including: 
biases by errors in taxonomic classification; lack of mechanistic links between species occurrences 
and environmental characteristics; and inability to compare sites with different species 
compositions (Mouillot et al., 2006; Verberk, van Noordwijk & Hildrew, 2013). As a result, trait-
based analysis has been proposed as an alternative method for assessing the impact of disturbances 
on species within communities (Reynolds, Webb & Hawkins, 2005; Darling, McClanahan & Côté, 
2013; Mouillot et al., 2013). 
 
Biological traits characterize associations between species or functional groups and their 
environments (Mouillot et al., 2011). Thus, trait-based analysis is a useful tool for predicting how 
fish communities may respond to human disturbances (Dolédec & Statzner, 2010; Mouillot et al., 
2013) or natural gradients (Heino, Schmera & Erős, 2013). Previous studies focused on the 
relationship between single traits and single environment factors or disturbances but failed 
(exception: Rolls & Sternberg 2015) to consider how combinations of traits affect species’ 
responses to disturbances (Verberk, van Noordwijk & Hildrew, 2013). Some recent studies have 
addressed how combined trait groups respond to a single disturbance (e.g., deforestation in Teresa, 
Chapter 5 | Impact of anthropogenic disturbances on communities 
 
 
 
68 
Casatti and Cianciaruso (2015)) or how certain traits respond to multiple disturbances (e.g., 
migration requirement in Branco et al. (2012)). Further studies are needed to assess the impacts of 
multiple disturbances on combinations of traits (Verberk, van Noordwijk & Hildrew, 2013). 
 
Tropical oceanic islands have extraordinarily high levels of endemism due to their geographic 
isolation and are highly vulnerable to human disturbances (Smith, Covich & Brasher, 2003; 
Fordham & Brook, 2010; Thuesen et al. 2011; Keppel et al., 2014). Furthermore, because island 
riverine systems tend to be smaller, less complex and have fewer life history types than continental 
river systems, disturbance impacts may be more readily apparent (March et al., 2003; Smith, 
Covich & Brasher, 2003). In this study, we selected tropical oceanic islands in Fiji to assess impacts 
of multiple disturbances on data-poor native riverine fish communities. Lower abundance and 
richness of Fijian native fish have been recorded in sites with low forest cover, upstream of 
overhanging culverts and in the presence of introduced cichlids (Jenkins et al., 2010; Jenkins & 
Jupiter, 2011; Jupiter et al., 2012). In other locations, the presence of cichlids is associated with 
degraded habitats (Linde et al., 2008), and cichlids may alter native community composition 
through competition and/or predation (Canonico et al., 2005; Martin et al., 2010). However, the 
specific changes to community composition caused by different disturbances remained unclear. The 
main purposes of this study were to: (1) assess whether fish species grouped by traits or by 
membership of higher taxonomic groups respond similarly to human disturbances; (2) assess and 
then predict how human disturbances impact the composition of riverine fish communities; and (3) 
determine whether taxonomic or trait groups of species loss are better predictors of a species’ 
response to human disturbances. 
 
5.3 Methods 
 
Field data were collected by Wetlands International-Oceania and the Wildlife Conservation Society 
between 2006 and 2012. We assigned freshwater fish species into groups according to (1) life 
history types (based on Potter et al., 2015); (2) climbing ability; (3) habitat preferences; and (4) 
feeding guilds shown in Table 5.1. Then, we assessed relationships between fish groupings and 
several major disturbances (deforestation, downstream overhanging culverts and the presence of 
introduced cichlids) shown to affect Fijian freshwater fish community composition (Jenkins et al., 
2010; Jupiter et al., 2012) with statistical models. 
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Table 5.1 Disturbances and relevant traits used in this study. Trait categories are derived from classifications in Elliott 
et al. (2007) and data are extracted from FishBase (Froese & Pauly 2015) and previous studies (Ishihara & Tachihara 
2008; Jenkins et al. 2010; Jenkins & Jupiter 2011; Maie, Schoenfuss & Blob 2012; Gupta 2016). 
Disturbance Deforestation Overhanging culvert Presence of tilapia 
Possible 
impacts 
Increased fine sedimentation may 
smother resting or feeding habitat 
and affect hunting ability of 
visual predators(Jenkins et al. 
2010). Increased nutrient loads 
that may drive metabolic activity 
and decrease dissolved oxygen 
concentrations (Weijters et al. 
2009). 
Connectivity loss that 
hinders movement of 
migrants (Makrakis et al. 
2012). 
Bioturbation of bottom 
sediment, predation on 
small-bodied individuals, 
competition for resources. 
Possible indicator for other 
disturbance(s) (e.g., low 
dissolved oxygen) (Russell, 
Thuesen & Thomson 2012). 
Relevant traits Habitat preference and feeding 
guild (Teresa, Casatti & 
Cianciaruso 2015) 
Life history type and 
climbing ability 
All traits 
Trait 
categories 
Habitat preference: generalist or 
substrate preference from soft 
(mud), to hard (rock) 
Feeding guild : detritivore 
generalist/specialist, planktivore 
generalist/specialist, herbivore 
generalist/specialist, invertivore 
generalist/specialist, insectivore 
generalist/specialist, piscivore 
generalist/specialist, carnivore 
and generalist 
Life history type: 
freshwater, diadromous 
or estuary-associated 
Climbing ability: yes or 
no 
All categories 
 
 
5.3.1 Study sites and fish surveys 
Riverine surveys were carried in the three largest islands among the Fiji island archipelago (12 - 
22°S and 176°E - 178°W), Viti Levu (10,642 km2), Vanua Levu (5,807 km2) and Taveuni (437 
km2). Rivers in Viti Levu and Vanua Levu have steep upstream reaches, coastal ﬂoodplains and 
well developed estuaries, but rivers in Taveuni are shorter with fewer estuaries (Jenkins et al., 2010). 
Data were collected from 107 sites over a range of catchment sizes, river reaches and seasons in 
order to investigate the impact of disturbances across multiple habitat types (Appendix Table 1). 
We also sampled sites with different combinations of disturbances (low to high forest cover 
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combined with presence/absence of downstream overhanging culvert or presence/absence of 
cichlids). Sites were distributed randomly throughout catchments on three islands and 
approximately six sites (low, middle and upper reaches in dry and wet season) were sampled per 
river on seven large river systems in Vanua Levu (Dreketi, Labasa, Qawa, Tabia, Nataqaga, Kilaka, 
and Suetabu). 
 
Multiple techniques were used to sample riverine fish, including electrofishing with Deka 3000, 
Marsberg, Germany (600 V, 10A) or Smith-Root, New Zealand (500 V, 10A) backpack unit, 
netting with gill nets (645.16 mm2 mesh), seine nets (40 mm2 mesh), pole seine nets (1 mm2 mesh) 
and hand nets (1 mm2 mesh), and snorkelling as described in Jenkins et al. (2010). Fish were 
identified to species and assigned into groups based on biological traits (details below) for further 
analysis. Sampling locations were recorded with a Garmin GPS map 76Cx and water quality 
variables including temperature, electrical conductivity and dissolved oxygen were also recorded 
with a handheld YSI multimeter. 
 
5.3.2 Species trait selection and grouping 
We selected species traits based on hypothesized links between traits and species’ responses to 
disturbances (Table 5.1). Trait data were extracted from a published online database (Froese & 
Pauly, 2015) and previous studies (Ishihara & Tachihara, 2008; Jenkins et al., 2010; Jenkins & 
Jupiter, 2011; Maie, Schoenfuss & Blob, 2012; Gupta, 2016). We applied Generalized Gower’s 
distance matrix after Pavoine et al. (2009) to assess similarities among species, in which feeding 
guilds, habitat preference and climbing ability were binary variables, and life history was a 
categorical variable. We coded feeding guild and habitat preference as multiple binary variables to 
allow for multiple categories that overlapped across different traits. For instance, piscivores had a 1 
for fish and 0 for other food items while carnivores had 1 for fish, invertebrate and insect but 0 for 
plant and detritus. A functional dendrogram calculated from the distance matrix was used to assign 
species into trait groups. We selected the level of groups from the dendrogram to create two sets of 
groups for further analysis and compared the results with grouping by taxonomic ranks. The 
number of trait groups was chosen to be comparable with the number of taxonomic groups 
(superorder, order and suborder). 
 
 
5.3.3 Statistical analysis 
The ordinal relationship between the species’ trait dissimilarity matrix and the community 
compositional matrix (species presence/absence in survey sites) was visualized using a double 
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principal coordinate analysis (DPCoA) (Pavoine, Dufour & Chessel, 2004). DPCoA is similar to 
principal coordinate analysis (PCoA), but it can plot both species (trait group) and community (site) 
similarity data on one multidimensional space (i.e., double PCoA), and the ordination of sites 
accounts for similarities in species’ traits. Thus, plots of the ordination indicate the position of sites 
with respect to species similarity across species traits. We used DPCoA plots to visualize the 
similarities among species trait groups (derived from the functional dendrogram described above), 
so that plots of the response of species richness to disturbances were on axes represented the 
similarity of trait groups. Then we separated survey sites into low-reach and mid/upper-reach sites 
(e.g., Jenkins and Jupiter (2011)) to account for the effect of natural factors such as salinity and 
stream width on the following analysis. Both salinity and stream width are significantly higher (p < 
0.05) in low-reach sites than mid- and upper-reach sites, but no significant difference was found 
between mid- and upper-reach sites by pairwise t-test. 
 
We used binomial generalized linear models (GLMs) to estimate how the proportion of species 
richness from each group varied across disturbance gradients. The binomial distribution is a model 
for proportions when observing a known number of binary trials (Zuur et al., 2009). In this case we 
observed for each trait/taxonomic group the number of species occurring at a site out of the 
maximum number of species belonging to that group. Thus, the response variable was binomial, in 
that we modelled the number of species observed at a site out of the total number of species in each 
group. Species in each group were modelled as 
 
logit(Pij) = α + β1 × ForestCoveri + β2 × OverhangingCulverti + β3 × Cichlidsi 
 
, in which Pij is the proportional species richness in site i for trait/taxonomic group j and β is the 
regression parameter for each disturbance. Explanatory variables included the percentage of forest 
cover in catchment (continuous variable between 0 and 100), the presence of downstream 
overhanging culverts (binary variable) and the presence of cichlids (binary variable). A quasi-
binomial model was used when over-dispersion was detected (Zuur et al., 2009). We also 
conducted t-tests to assess the independency between disturbances such as the forest cover in sites 
with versus without overhanging culvert or with versus without introduced cichlid. Because no 
overhanging culverts were observed at any low-reach site, explanatory variables for low-reach sites 
only included forest cover and the presence of cichlids. 
 
We used the GLMs to predict expected proportional species richness for each group across the 
disturbance gradients and calculated area under receiver operating characteristic curve (AUC) to 
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assess model fit. Jackknife resampling was applied on groups to evaluate the consistency of 
responses within every group by removing species from each group one at a time and then 
calculating the AUC for that species using the remaining species in the trait group to build the 
model. This approach tests the assumption that species within a given group are similar enough that 
rate of species loss can predict presence/absence of a single species. If there was only one species in 
the group, AUC was applied without Jackknife resampling by evaluating the model fit of that 
species to itself. Taxonomic groups by suborder, order and superorder were also analysed for 
comparison with trait groups. All analyses were conducted in R (R Core Team, 2015) with the 
packages “MASS” (Venables & Ripley, 2002), “ade4” (Dray & Dufour, 2007), and “cvAUC” 
(LeDell, Petersen & van der Laan, 2015). 
 
The expected changes in community structure predicted by the GLM were visualized by plotting 
predicted species richness (proportional species richness multiplied by the total species richness in a 
group) of every group for low and high disturbance levels (Mouillot et al., 2013). We made plots to 
present the impacts from each disturbance on predicted species richness, which included 90% and 
10% forest cover, presence or absence of overhanging culverts and presence or absence of cichlids. 
We also plotted the percentage change in species richness after disturbance to compare the impacts 
of each disturbance across groups. 
 
5.4 Results 
 
A total 123 native and 4 introduced fish (cichlids (Oreochromis mossambicus & O. niloticus), 
mosquitofish (Gambusia affinis) and swordtail (Xiphophorus hellerii)) species from 36 families and 
11 orders were recorded from 18 low-reach and 89 mid/upper-reach sites (Appendix Table 1). 
Sixty-two species were only recorded in low-reach sites and seventeen species were only recorded 
in mid/upper-reach sites. Three species, the dusky sleeper (Eleotris fusca), giant mottled eel 
(Anguilla marmorata) and rainbow gudgeon (Hypseleotris guentheri), were found at around half of 
all survey sites. Thirty-one species were only recorded at one site and only 2 (Perciformes and 
Anguilliformes) out of 11 orders were found in more than one third of sites. Among all native 
species sampled, 58 species were recognized as diadromous, 59 as estuarine-associated and 6 as 
freshwater species. 
 
5.4.1 Trait groups and observed communities 
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We used the dendrogram of species’ trait similarities to characterize two separate groupings (Fig. 
5.1: #1 and #2). The #1 partition on the dendrogram separated species into four groups by life 
history types and climbing ability (A: diadromous without climbing ability; B: estuary-associated 
without climbing ability; C: freshwater without climbing ability; D: diadromous with climbing 
ability) and #2 further separated species into 12 groups by habitat preference and feeding guild. The 
number of species within groups varied from 1 (G: diadromous, without climbing ability and 
detritivore & H: diadromous, without climbing ability, piscivore and medium substrate) to 53 (B: 
estuary-associated and without climbing ability). 
 
 
Fig. 5.1 Dendrogram (from Generalized Gower’s distance matrix) of the trait similarities of 125 species. The partitions 
#1 and #2 show where the two levels of classification were derived. Species richness represents the number of species 
in each group for low-reach (L) and mid/upper-reach (MU) sites. 
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Most estuary-associated species (53 out of total 59 species in this group) and diadromous species 
with no climbing ability (40 out of 43) were recorded in low-reach sites while there were fewer 
estuary-associated species (14 out of 59) and diadromous species with no climbing ability (26 out of 
43) in mid/upper-reaches (Fig. 5.1). On the contrary, only half (8 out of 15) of total diadromous 
species with climbing ability were found in low-reach sites but all 15 species were present in 
mid/upper-reach sites. Almost all freshwater species could be found in both low- and mid/upper-
reach sites. 
 
Estuary-associated species with no climbing ability were found in sites with more than 50% forest 
cover and no downstream overhanging culverts and a greater proportion of freshwater species were 
observed in sites with medium to high forest cover. Some diadromous species and the species with 
climbing ability were more prevalent across sites with a variety of disturbances. No obvious pattern 
was found between groups and the presence of cichlids. 
 
5.4.2 Trait groups and predicted communities 
We focused on survey sites in mid/upper-reaches in flowing sections as most species groups in 
lower reaches, using both trait and taxonomic grouping methods, had no significant relationship 
with the disturbances measured in this study (Appendix tables 2 & 4). 
 
Fig. 5.2 shows the predicted species richness in each trait group predicted by GLMs with and 
without specific disturbance. The species richness of estuary-associated species and fishes without 
climbing ability declined significantly (or near significantly) at sites with lower forest cover (Fig. 
5.2: a & d) and upstream from overhanging culverts (Fig. 5.2: b & e). More than half of the groups 
showed significant positive relationships with forest cover and the presence of an overhanging 
culvert. Less than a quarter of groups had significant or near significant (0.05 < p < 0.1) 
relationships with the presence of cichlids (GLM results in Fig. 5.2 & Table 5.2). Low forest cover 
(10%) was associated with lower species richness throughout trait groups when compared to high 
forest cover (90%). Overhanging culverts had variable impacts on trait groups (Fig. 5.3). The 
predicted number of estuary-associated species was ~70% lower in streams with overhanging 
culverts when compared to streams without culverts. Further, the number of diadromous species 
without climbing ability and the number of freshwater species was ~45% lower in streams with 
overhanging culverts. Interestingly, the presence of an overhanging culvert was also associated with 
a lower (~55% lower) number of species with climbing ability. Therefore, we conducted further 
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analysis to estimate the relationship between the presence of overhanging culverts and the 
proportion of species with climbing ability among all species (included species without climbing 
ability) by GLMs. The proportion of species with climbing ability in habitat with at least one 
overhanging culvert was predicted to be higher than in habitat with no overhanging culverts 
(regression coefficient: 0.571 and p: 0.041). The presence of cichlids had a wide range of effects 
(from 35 - 190%) on predicted species richness, but only four groups showed significant or near 
significant relationships. No significant difference in forest cover was found in sites with, versus 
without, the presence of overhanging culverts (p = 0.394) or sites with, versus without, cichlids (p = 
0.100), respectively. 
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Table 5.2 Regression coefficients and p values from GLMs between trait groups and disturbances in mid/upper-reach 
sites. P value: *** < 0.001; ** < 0.01; * < 0.05; + < 0.1. AUC represent the means and standard errors (SE) of the AUC 
as calculated across all species within that group using Jackknife resampling. There are no standard errors for groups G 
and H because those groups only had one species. All species in group L were recorded in low-reach sites only and the 
results are in Appendix Table 2. 
Groups Forest cover p Culvert p Cichlids p AUC (SE) 
# 1        
A 0.018 ** -0.860 *** -0.276  0.664 (0.042) 
B 0.023 + -1.174 * 0.518  0.688 (0.038) 
C 0.019 ** -0.613 * -0.081  0.607 (0.079) 
D 0.008 + -0.983 *** -0.542 * 0.712 (0.052) 
# 2        
E 0.017 ** -0.844 *** -0.266  0.653 (0.047) 
F 0.016  -0.428  -16.633  0.318 (0.091) 
G 0.034  -0.722  -17.200  0.786 
H 0.224 * -18.775  3.494 + 0.718 
I 0.029  -1.581 + -0.824  0.721 (0.126) 
J 0.048  -0.031  1.041  0.535 (0.126) 
K 0.010  -1.583 * 1.122 + 0.759 (0.073) 
L -  -  -   
M 0.018 * -0.797 * -0.005  0.626 (0.041) 
N 0.025 * -0.465  -0.198  0.353 (0.074) 
O -0.002  -0.702 ** -0.485 + 0.580 (0.046) 
P 0.027 ** -1.439 *** -0.548  0.823 (0.044) 
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Fig. 5.3 Percentage change in species richness from low to high disturbance levels (defined in Methods) for trait groups 
with significant and near significant relationships. 
 
5.4.3 Comparison to taxonomic groups 
Fewer significant relationships with human disturbances were observed when grouping species by 
taxon than by traits (Table 5.3). Forest cover and overhanging culverts had more significant or near 
significant relationships with species richness than the presence of cichlids (Appendix Table 3). 
Forest cover had significant or near significant relationships for one superorder group 
(Acanthopterygii), two order groups (Perciformes & Syngnathiformes), and five suborder groups 
(Gobioidei, Percoidei, Syngnathoidei, Muraenoidei & Anguilloidei); overhanging culverts with two 
superorder groups (Acanthopterygii & Elopomorpha), two order groups (Perciformes, & 
Anguilliformes,), and four suborder groups (Gobioidei, Percoidei, Muraenoidei, & Angulloidei); 
and presence of cichlids with no superorder and order groups, but one suborder groups (Gobioidei). 
 
Mean AUC values above 0.65 and standard errors mostly < 0.05 indicated moderately consistent 
responses of species to disturbances within both trait and taxonomic groups (Tables 5.2 & 5.3). 
AUC values support our hypothesis that species loss within a group is a proxy for presence/absence 
of individual species. The AUC values of species differed only slightly between grouping methods 
(taxonomic versus trait) and the level of group aggregation (Table 5.3). Lower AUC values (< 0.6) 
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were found in a few trait groups such as F (diadromous, without climbing ability, planktivore, 
preferring soft substrate), J (estuary-associated, without climbing ability, invertivore), N 
(freshwater, without climbing ability, carnivore or generalist, preferring medium substrate) and O 
(diadromous, with climbing ability, mainly carnivore, preferring medium to soft substrate) (Table 
5.2). The species that had low AUC values were similar regardless of grouping methods. Species 
with low AUC values included eels (Anguilla spp.), some rarely recorded species (Mugilogobius 
notospilus & Glossogobius sp. 2) and Awaous gobies. No pattern between the prevalence of species 
(number of record among all surveyed sites) and AUC values was found. 
 
 
Table 5.3 Number of significant (p < 0.05) and near significant (0.05 < p < 0.1: within parentheses) relationships 
between trait or taxonomic groups and disturbances. AUC represent the means and standard errors (SE) of the area 
under the ROC curve when species were removed from a group one at a time. 
Grouping (number of groups) Forest cover Culvert Cichlids AUC (SE) 
Trait group     
# 1 (4) 2 (2) 4 1 0.676 (0.025) 
# 2 (11) 5 5 (1) (3) 0.645 (0.027) 
Taxonomic group     
Superorder (2) 1 2 0 0.677 (0.025) 
Order (6) 2 2 0 0.670 (0.027) 
Suborder (11) 3 (2) 3 (1) (1) 0.667 (0.027) 
 
 
5.5 Discussion 
 
Our results suggested that deforestation, overhanging culverts and introduced cichlid may change 
the abundance and richness of Fijian native fish, finding that are comparable to previous studies 
(Jenkins et al., 2010; Jenkins & Jupiter, 2011; Jupiter et al., 2012). In addition, trait-based and 
taxonomic grouping approaches allow greater insight into how riverine fish respond to multiple 
disturbances. We found that deforestation and overhanging culverts are associated with the greatest 
declines in richness of Fijian riverine fish communities, suggesting management actions should find 
ways to ameliorate these threats. Both trait and taxonomic groups showed a reasonable ability to 
predict the responses of most individual species to disturbances, having similar AUC values. 
However, trait based groupings were more sensitive detectors of environmental responses in that 
they were more likely to detect significant relationships between species loss and disturbance. 
Further, trait grouping is suggestive of the ecological processes that cause species loss in disturbed 
environments. 
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The ability to link biotic traits to disturbances makes trait groups more sensitive to environmental 
change and their response is more consistent across spatial and temporal scales than for taxonomic 
groups (Culp et al., 2011). However, in a disturbed system, the response of individual species 
within one functional group can be profound and cause failure in models that assume species within 
groups respond to disturbance more similarly than species in different groups (Fong & Fong, 2014). 
We applied a novel Jackknife resampling to evaluate the consistency of response within groups by 
using the other species within the same group to predict the presence/absence of one species. The 
results indicated the consistency within most groups and that the rate of species loss could be a 
reasonable surrogate for individual species presence/absence. However, the AUC values reported 
here are much lower than those for freshwater fish in other regions and indicate further work is 
required to accurately predict the response of the Fijian fish fauna to disturbances (Bond et al., 
2011). For instance, we found that the occurrence rates of species with flexible habitat use (e.g., 
Anguilla spp., Arai, Chino and Le (2013)) and some species that were rarely recorded in the field 
surveys (e.g., Mugilogobius notospilus, & Glossogobius sp. 2) were poorly predicted by other 
species within the same trait or taxonomic group. 
 
5.5.1 Comparing predictive ability of trait versus taxonomic groups 
The use of traits to categorize species allowed us to combine survey sites with various species 
compositions (around 42% of species only recorded in one or two sites) and provided more direct 
linkages between fish community change and specific disturbances. Although species within the 
same taxonomic group might share similar life history traits and so respond to disturbance similarly 
(i.e., high AUC values for taxonomic groups that have a significant relationship with disturbance), 
taxonomic groupings may be inappropriate in some cases (e.g., particularly in highly diversified 
groups). Communities such as those in oceanic islands that are dominated by a few diverse taxa 
might mask the responses of functionally different species within a specific taxonomic group (i.e., 
fewer significant relationships with disturbance). For instance, one of the mostly widely distributed 
and diversified taxonomic groups, Gobioidei, was significantly impacted by all disturbances. 
However, these significant relationships were the combination of various responses between 
different traits (almost every trait group has at least one species from Gobioidei) and disturbances 
spread across many genera and species. Furthermore, the number of species was distributed more 
evenly among trait groups than taxonomic groups. As most prevalent species belong to only a few 
taxonomic groups (e.g., Perciformes, Gobioidei and Percoidei) and many taxa only occurred in a 
few sites or with lower species numbers, the taxonomic groups may be more likely to be biased by a 
few data points. 
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In Fiji, several riverine fish have been recorded as new species or new records recently and some 
species have relatively confined distributions (e.g., Jenkins and Mailautoka (2010); Larson (2010); 
Copeland, Boseto and Jenkins (2016)). In addition, strong seasonal variations of species 
composition have been found in Fijian rivers (Jenkins & Jupiter, 2011). Species’ traits might be 
more suitable in this case for their stability through spatial and temporal scales and sensitivity to 
disturbances (Culp et al., 2011). 
 
5.5.2 Impacts from anthropogenic disturbances and the implications for management 
The broad impact of deforestation across different life history types and mobility can threaten 
biodiversity and ecosystem function in Fijian rivers. Particularly, deforestation may impact on 
specialist feeding guilds and species that prefer medium to hard substrate. Species that have specific 
diet or habitat requirements may be more vulnerable to habitat degradation (Teresa, Casatti & 
Cianciaruso, 2015) while generalists may be less affected because they can take advantage of 
various habitats (Devictor, Julliard & Jiguet, 2008). In this study, nearly all trait groups that 
contained endemic species were predicted to be impacted by deforestation (e.g., Redigobius leveri, 
Schismatogobius vitiensis, and Mesopristes kneri). While the responses of species to disturbances 
within most groups were consistent, trait-based analysis can provide a precautionary warning for 
rare or cryptic species that are difficult to sample such as Belobranchus belobranchus and S. 
vitiensis  (Jenkins et al., 2010). Studies in Fiji suggest that maintaining at least 50% of catchment 
forest cover can retain most riverine fish species (Jenkins et al., 2010; Jupiter et al., 2012). 
Furthermore, forest protection can benefit downstream coral reef condition by prevention of 
terrestrial runoff and sedimentation (Klein et al., 2014). While Fijian government has committed to 
protecting 30% of inshore and 20% of terrestrial habitats by 2020, and both endemic species and 
connectivity in rivers have been incorporated into national priorities of setting protected areas 
(Jupiter et al. 2011), a comprehensive forest protection plan is critical to secure river, terrestrial and 
marine biodiversity and ecosystem function, and meet conservation target. 
 
Overhanging culverts mainly impacted on migratory species and species that lacked climbing 
ability. The impact of barriers on riverine species might affect species presence more significantly 
than pollution or habitat modification in tropical islands because diadromy is the most prevalent life 
history type (Hein et al., 2011; Ramírez et al., 2012). In Fiji, over 98% of fish in rivers use 
saltwater habitats during their life cycle (Jenkins et al., 2010). In addition to diadromous species, 
our results further reveal estuary-associated fishes can also be impacted by barriers. As many 
marine or estuarine species use riverine habitats for feeding, breeding or to escape predation 
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(Jenkins & Jupiter, 2011; Potter et al., 2015), barriers might impact both upstream and downstream 
fish communities by blocking migration routes and reducing available habitats for estuary-
associated species. Interestingly, while barriers can also impact the species with climbing ability, 
the proportion of species with climbing ability among all species increased in the habitat upstream 
of barriers. Indeed, barriers might benefit species which can climb by hindering predators without 
climbing ability (e.g., estuary-associated species) while meanwhile increasing the predation 
pressure on other species that live downstream of barriers (Cooney & Kwak, 2013). However, the 
passability of culverts may also vary with local landscape and stream characteristics such as the 
gradient of the stream segment and the size of upstream drainage area (Januchowski-Hartley et al. 
2014). Because many diadromous (e.g., gudgeon, flagtail, goby and eel) and estuary-associated fish 
(e.g., snappers, jack, trevally and barracuda) are socioeconomically important species for inland and 
coastal fisheries in Fiji (Jansen, Parkinson & Robertson, 1990; Jenkins et al., 2010), improving the 
connectivity of existing culverts for native species (examples in Kapitzke 2010; Kilgore, 
Bergendahl, & Hotchkiss 2010) can help restore river ecosystems and benefit local fisheries. 
 
The role of exotic species as a primary driver for native species declines, or as a passive interloper 
taking advantage of highly modified habitats, varies by ecological situation (e.g., passive interloper 
in MacDougall and Turkington (2005) vs. primary driver in Hermoso et al. (2010)). As no 
significant correlation between disturbances was observed, the changes in fish community 
composition with the presence of cichlids might suggest impact from cichlids (or other disturbances 
that have not been examined in this study) instead of deforestation or overhanging culverts. Some 
native piscivores showed positive associations with the presence of cichlids indicating possible 
similarities in preference of habitat. Nevertheless, the lack of patterns between cichlids and certain 
traits could indicate the influence of other factors such as the locations of aquaculture activities 
(where introduced cichlids were reared) or species traits that have not been included in this study, 
such as small body size enhancing potential vulnerability to predation by cichlids. Previous studies 
in Fiji have found the absence of many small-bodied amphidromous fish in catchments where 
cichlids were recorded (Jenkins et al., 2010). 
 
While studies on the impact of introduced cichlids on tropical island ecosystems are limited, caution 
must to be taken with cichlid introductions because of their potential impact on native species 
(Jenkins et al., 2010; Russell, Thuesen & Thomson, 2012). Nevertheless, since the 1940s, cichlids 
have been introduced to many Fijian rivers and have become an important protein source for locals 
in rural and inland areas (Costa-Pierce, 2002). In addition, high tolerance to stressors and flexible 
life history traits give them the advantage to thrive in degraded habitats (Russell, Thuesen & 
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Thomson, 2012), thus they should remain a core component of freshwater aquaculture initiatives 
where they are already established. Further studies about the distribution of cichlids and how they 
interact with native species and overall protein availability are recommended for environmental 
impact assessment. 
 
5.5.3 Future work and conclusions  
In this study, we used Jackknife resampling to evaluate the consistency within trait groups. In 
addition, this method can be used to identify species that respond differently to certain disturbance 
within a trait group. Lack of comprehensive trait data for some endemic or rare species and flexible 
traits (e.g., facultative migration or local adaptation) among some populations might affect the 
power of trait-based analysis (Culp et al., 2011) and cause low AUC values (i.e., poorly predicted 
by other species within the same group). Therefore, studies on the biological traits of these species 
and local populations can improve the power of a trait-based predictive approach. Furthermore, 
incorporating other traits that might link to specific disturbance (e.g., body size as discussed above 
or hypoxia tolerance) can reveal further relationships between species and disturbance.  
 
In conclusion, this study developed a trait-based analysis that revealed impacts from various 
disturbances on Fijian riverine fish communities and provided information for guiding environment 
management. The results indicate that trait-based analysis can help to identify the impacts from 
deforestation, overhanging culverts and the presence of introduced cichlids on riverine fish 
communities and predict the community responses. While the disturbances examined in this study 
(deforestation, anthropogenic barriers and introduced species) are commonly observed among many 
rivers (Dudgeon et al. 2006), this method can be applied on other systems (example in mainland 
rivers, Rolls & Sternberg 2015) to predict the impact of multiple disturbances on riverine species.  
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CHAPTER 6 
 
General discussion: the conservation of moving target* 
 
 
This chapter discusses and summarizes the major findings of previous chapters. I then demonstrate 
how these studies can be used to inform conservation decisions. Recommendations for further 
research and management are also discussed. 
 
 
*“Moving target” was extracted from Cooke et al. (2016) to represent the mobility nature of 
diadromous fish populations. 
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 6.1 Introduction and research over view 
 
Abundances of diadromous fish are declining worldwide. One major challenge for conserving 
diadromous fish is to assess the response of population, species, or community to multiple 
disturbances or conservation actions (Costa-Dias et al. 2009; Limburg & Waldman 2009; Mota, 
Rochard & Antunes 2016). However, most studies quantify the impact of only a single stressor 
(e.g., migration barrier, habitat hydrology change, pollution or fishing pressure). Studies that have 
addressed multiple stressors have mostly done so for some well-studied species such as salmonids, 
sturgeon and shad (Table 6.1). This thesis assessed the impact of multiple disturbances to the 
understudied diadromous fish species or communities in Oceania, including Australia and Fiji. 
Species include those with catadromous and amphidromous life histories and thus broadens our 
understanding and view of diadromous fish conservation.  
 
 
Table 6.1 The literature is biased towards anadromous life history in north hemisphere such as salmon and sturgeon. 
Numbers of articles are from Web of Science since last 20 years (1996 - 2016) filtering with key words related to 
diadromous fish conservation. 
Key words searched Numbers of articles from Web of Science (1996 - 2016) 
“life history” + conservation  
Migratory fish 565 
Diadromous  122 
Anadromous 428  
(salmon 55.8%; sturgeon 7.5%; lamprey 8.2%; shad 9.1%) 
Catadromous 31 (eel 35.5%) 
Amphidromous  45 (goby 37.8%) 
“taxonomic groups” + conservation  
Salmon / + anadromous / + migratory 2,114 / 239 / 151 
Sturgeon / + anadromous / + migratory 534 / 32 / 17 
Lamprey / + anadromous / + migratory 226 / 35 / 27 
Shad / + anadromous / + migratory 107 / 39 / 18 
Eel / + catadromous / + migratory 298 / 11 / 26 
Goby / + amphidromous / + migratory 103 / 17 / 7 
Galaxiid / + amphidromous / + migratory 29 / 0 / 4 
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This thesis achieved its aim of quantifying the impacts of multiple stressors to understudied 
diadromous fish and identifying management actions by  
(1) quantifying the relative prevalence of impacts from multiple stressors that occur across different 
habitats and life stages;  
(2) identifying stressors that directly impact population dynamics, and stressors that mainly impact 
the connectivity of habitats and thus the spatio-temporal distribution of a fish population;  
(3) predicting the interactions between stressors that directly impact population dynamics, and those 
that affect population connectivity; and  
(4) evaluating the effectiveness of management actions for diadromous fish conservation.  
 
The chapters in this thesis dealt with different stressors for diadromous fishes. They showed how 
information on stressors, integrated with an understanding of fish demography and movement, can 
be used to choose between conservation actions that will deliver acceptable outcomes across 
different ecological, geographical and management scales (Table 6.2). Although stressors and 
corresponding management actions considered in each chapter varied with species and case studies, 
most chapters covered a variety of disturbances that occurred across life stages and habitats. 
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Table 6.2 Summary of some key points in chapters 2 to 5. 
Key points in 
research chapters 
Chapter 2 
(Australian bass) 
Chapter 3 
(Australian bass) 
Chapter 4 
(Australian 
grayling) 
Chapter 5  
(Fijian riverine 
fishes) 
Scales     
Life history type Catadromy Catadromy Amphidromy Catadromy, 
amphidromy, 
freshwater, estuary 
& marine 
Ecological scale Individual & 
population  
Population  Species Community  
Geographical scale Single river 
catchment 
Single river 
catchment 
Multiple river 
catchments 
Multiple river 
catchments 
Management scale Local city 
council 
Local city 
council 
State 
governments 
District 
governments/natio
nal authority 
Temporal scale 10 years 5 – 15 years 70 years - 
     
Stressors     
Freshwaters Fishing Fishing Climate change 
(temperature, 
rainfall & runoff) 
Deforestation & 
invasive species 
Connectivity Barriers & river 
flow change 
Barriers & river 
flow change 
Barriers Barriers 
Estuaries and 
oceans 
Fishing Fishing Climate change 
(temperature) 
- 
     
Management 
actions 
    
 Fishing pressure 
control, seasonal 
closures, barrier 
removal & river 
flow restoration 
Seasonal 
closures, fish 
ladder 
improvement & 
barrier removal 
Barrier removal (possible actions) 
forest 
restoration/protecti
on, invasive 
species control & 
barrier removal 
 
 
Overall, this thesis unveiled the interactions between multiple disturbances and assessed the 
combined impact on migratory species. The results highlighted the need of transboundary 
management (e.g., management across natural realms and local authority’s boundary) for migratory 
species conservation. It also provided quantitative methods and frameworks for evaluating the 
effectiveness of management actions or the impacts of disturbances across different scales. 
Specifically, this study addressed issues and provided directions for further studies in the 
conservation of understudied diadromous species and communities. Finally, it demonstrated how 
results can be used to inform structured decision making. 
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6.2 From modelling to decision making 
 
The effectiveness of natural resource management is influenced by uncertainties that stem from 
knowledge to the target system, environmental stochasticity and the biases of managers (Yokomizo, 
Coutts & Possingham 2014; Iftekhar & Pannell 2015). The adaptive management process attempt to 
deal with these uncertainties by using a learning loop, and step-wise structured decision making 
processes informed by scientific evidence (Murphy & Weiland 2014).  In following section, I 
integrated the information from chapters 2 to 5 into a structured decision making process (Gregory 
et al. 2012) to show how these projects can contribute to conservation decision making (Table 6.3). 
 
Table 6.3 Examples applying information from chapter 2 to 5 to inform structure decision making. Structured decision 
making process is from Gregory et al. (2012). * represent possible improvements could be considered in future studies. 
Structured decision 
making steps 
Chapter 2 & 3 Chapter 4 Chapter 5 
1. Clarify context 
and identify problem 
Population decline Species decline Species decline/extinction 
2. Define objectives 
and measures 
Maintain abundance, 
fishery, and water 
supply, minimize 
monetary cost to 
managers 
Maintain accessible 
habitat, minimize socio-
economic cost* 
Maintain ecosystem 
function, and socio-
economically or 
conservation important 
species, food security*, 
minimize socio-economic 
cost* 
3. Develop possible 
actions 
Barrier removal, flow 
restoration, seasonal 
closures, fishing 
effort/catch amount 
control, riparian 
restoration*, stock 
enhancement* 
Barrier removal, bycatch 
control*, alien species 
control*, riparian 
restoration*, flow 
restoration* 
Forest 
protection/restoration, 
barrier removal, alien 
species control, 
aquaculture regulation*, 
ecosystem-based 
management* 
4. Estimate 
consequences 
Population dynamic 
model, ecosystem 
model* 
Niche model, mechanistic 
model*, joint species 
distribution model* 
Trait-based and 
taxonomic-based analysis, 
ecosystem model* 
5. Evaluate trade-offs 
and select actions 
Cost-effectiveness, cost-
benefit*, consequence 
table* 
Effectiveness, cost-
effectiveness/benefit*, 
consequence table* 
Effectiveness, cost-
effectiveness/benefit*, 
consequence table* 
6. Implement 
monitor and review 
Recreational fishery 
survey*, scientific 
survey* 
Fishery bycatch record*, 
scientific survey* 
Local interview*, 
scientific survey* 
 
The chapters from this thesis can be used to inform step 1 to 5 (Table 6.3) in a structured decision 
making process while surveys will be required for monitoring and reviewing the outcome to 
improve future decisions. Despite current objectives (step 2) in chapters 2 to 5 being conservation-
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oriented, it should be noted that the involvement of relevant stakeholders with various interests and 
objectives such as maximizing fishery yield, water supply, hydropower production and 
employment, is crucial for the effectiveness and feasibility of management actions (Gregory et al. 
2012; Guerrero et al. 2013). For example, two of the co-operators (Harding D.J. & Roberts D.T.) in 
chapters 2 & 3 are researchers in resource management authority and State government. Therefore, 
they have provided some valuable opinions to improve the feasibility of these studies such as 
estimated cost of management actions and the infrastructure release capacity. 
 
This thesis provided frameworks and new insights for conserving diadromous fish, especially for 
understudied species. Firstly, a spatial explicit population model that incorporates disturbances 
across habitats and connectivity can be used to estimate the outcome and evaluate the trade-off 
among management actions (chapters 2 & 3). Secondly, the latent impact of partial barrier on 
population dynamics can be estimated by incorporating telemetry tracking data into population 
modelling (chapter 2), which might be critical for conserving local population. Thirdly, for 
assessing vulnerability of a migratory species, incorporating different habitats and connectivity into 
habitat suitability modelling will improve the efficiency of conservation decision making (chapter 
4). Finally, trait-based analysis can served as a robust tool to predict species loss and possible 
change in community structure for decisions that consider multiple species or community (chapter 
5). 
 
6.3 Challenges in conserving diadromous species 
 
While this thesis helps to advance the theory and methodology required to effectively manage and 
conserve migratory species, some knowledge gaps in the life history, ecology and physiology of 
understudied species might limit its applicability. In this section, I discussed some challenges that 
might influence current studies and need to be considered in future conservation planning. 
 
6.3.1 Knowledge gaps in focal population/species 
Lack of basic life history information and relationships between population/species and 
environment variables or disturbances hinder the assessment of threats and the evaluation of 
management actions, especially for non-salmon species (Murchie et al. 2008; Cooke, Paukert & 
Hogan 2012; Brönmark et al. 2014). For example, two commonly used actions in river restoration - 
riparian vegetation replantation and water treatment - were not considered in previous chapters 
(Tables 6.2 & 6.3) because no quantified relationships between target population/species and habitat 
quality were available. Nevertheless, in places where barrier removal is not feasible due to socio-
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economic constraints, restoring downstream habitats could become critical for population 
persistence. In addition, although most species in this study are likely impacted by commercial or 
recreational fisheries (Backhouse, Jackson & O’Connor 2008a; Jenkins et al. 2010; Ebner et al. 
2016), lack of quantitative fishery or bycatch data impeded the assessment of these threats. 
Sensitivity tests and scenarios analysis used in chapters 2 and 3 can help us to assess relative effects 
across scenarios. However, on-ground estimation of fishing mortality will improve the effectiveness 
of local management plans. Conservation decision-making is all about choosing actions instead of 
locations or species (Game, Kareiva & Possingham 2013). The understanding of how focal 
population/species response to alternative actions (the third step in Table 6.3) plays a central role in 
evaluating the trade-off among alternative actions. 
 
Variation of behavior and spatio-temporal dynamics among individuals or populations is observed 
in several migratory species (Miles et al. 2013; Potter et al. 2015) and it may influence the outcome 
of management actions that derived from other populations or places. For example, differences in 
migration timing are observed among different populations of sockeye salmon Oncorhynchus nerka 
(Schindler et al. 2010). Landlocked individuals/populations have been found in several anadromous 
(Quinn & Myers 2004) and amphidromous species (Watanabe et al. 2014) while estuarine or 
marine residents are found in some catadromous species such as freshwater eels Anguilla spp. 
(Jacoby et al. 2015) and Australian bass P. novemaculeata (Walsh et al. 2012). Furthermore, some 
species like barramundi Lates calcarifer may have both freshwater and marine nurseries 
(McCulloch et al. 2005). While the model used in chapters 2 and 3 can simulate the dynamics of 
both migrant and non-migrant by environment conditions (i.e., river flow and barrier), the 
proportion of different phenotypes might also be controlled by genetic factors or the interaction 
between genetics and environmental conditions (Liedvogel, Åkesson & Bensch 2011). Future work 
on estimating the proportion of different life history forms in local populations and key drivers that 
cause this variation is crucial because conserving various phenotypes improves our ability to 
conserve genetic diversity that benefits species long-term persistence (Schindler et al. 2010; Jacoby 
et al. 2015). 
 
One major knowledge gap in the spatio-temporal dynamics of many diadromous species is the 
distribution records in marine habitats and for early life stages (Miles 2007; Miles et al. 2013; 
Jacoby et al. 2015). This is especially challenging for catadromous and amphidromous species 
because of the difficulties in tracking and sampling small larval fish in marine ecosystem (Miles et 
al. 2013).  For example, while I assumed the distribution of larval Australian grayling bases on the 
distribution of adult grayling in chapter 4, this assumption might underestimate the upper 
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temperature limit of larval fish because of continuous southward transportation by ocean current. A 
lack of comprehensive distribution data makes it hard to incorporate threats and estimate their 
impacts on estuarine or marine habitats in chapters 4 and 5 (Table 6.2). Some tools have been 
developed and may be used to fill this gap including otolith chemistry analysis and stable-isotope 
analysis (Miles et al. 2013). While the comparison between IUCN Red List 1999 and 2016 (Table 
1.1 in Introduction) suggests an increase of threatened catadromous (e.g., 8 more freshwater eel 
species) and amphidromous fish species (e.g., 17 more goby species), further studies that address 
this missing link in life history are likely to improve the effectiveness of conservation plans in the 
future. 
 
As shown in Table 6.3, alternative actions can be considered in step 3 once more life history 
information and the relationships between species and environmental variables become available. 
Value of information analysis can provide the comparison between the benefit and cost of collecting 
new information (Canessa et al. 2015). Value of information analysis has been proposed as a useful 
tool for incorporating uncertainty into decision making process and it can be used to examine the 
cost-effectiveness of collecting new information (Canessa et al. 2015), compare the cost-
effectiveness of gaining new information and implementing management actions (Maxwell et al. 
2015), and address key uncertainties that should be reduced for improving management outcomes 
(Runge, Converse & Lyons 2011). In the case studies here, analysing the value of information can 
be used to answer questions like “is the investment on quantifying the benefit of restoring riparian 
vegetation cost-effective comparing to the implementation of barrier removal?” or “which 
uncertainty in Australian grayling’s life history should we address for improving the outcome of 
conservation plans?”. 
 
In general, the less knowledge decision makers have in the initial state may lead to larger values of 
information, which means the collection of new information can be more effective in improving the 
expected outcome of a management decision (Canessa et al. 2015). Our understanding of 
diadromous fish varies among species, and the cost for collecting new information is also different 
among population/species, and depends on life history flexibility, migration pattern, body size and 
ecosystem as discussed above. Conducting value of information analysis may help decision makers 
to allocate resource more efficiently. 
 
6.3.2 Assessing the interaction among stressors  
The interactions among stressors may provoke unpredictable “ecological surprises” that reduce the 
effectiveness of conservation actions (Côté, Darling & Brown 2016). Therefore, it is important to 
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understand the mechanisms behind different stressors. In this thesis, quantitative methods and 
models were applied to estimate and reveal possible interactions among stressors. 
 
In general, stressors for migratory species can be categorized into two types according to their 
major effects. The first type of stressor impacts population dynamics directly (e.g., mortality or 
growth rate in certain life stage), such as fishing, habitat degradation, and invasive species. The 
other type of stressor, such as migration barriers and modified migration cues (e.g., the magnitude 
of river flow), mainly influences the connectivity between habitats and the spatio-temporal 
distribution of migratory species (Table 6.4). Stressors of connectivity can also impact population 
dynamics indirectly by affecting how species interact with required resources or disturbances. For 
example, delayed migration due to climate change or physical barriers can cause a mismatch 
between salmon physiological requirement and the environmental conditions during and after 
migration, which can impact salmon mortality and growth rates (Robinson et al. 2009; Marschall et 
al. 2011). While the distribution of American eels Anguilla rostrata became more concentrated in 
lower reaches as dams blocked upstream habitats, individuals also experienced fewer barriers 
during spawning migration (McCleave 2001). As such, much uncertainty still surrounds the spatio-
temporal dynamics of migratory species under natural and disturbed environmental conditions, and 
the key drivers that influence this dynamic distribution. 
 
Table 6.4 Two major types of stressors for migratory species 
Type of stressors Description Example 
1 Directly impact population dynamics 
such as mortality or growth rate 
Overexploitation, habitat degradation, 
invasive species, disease 
2 Change the connectivity between 
habitats and the spatio-temporal 
distribution of species 
Barrier, modified migration cue, loss of 
stopover habitats 
 
How direct and indirect stressors influence the effectiveness and priority of conservation actions 
were investigated in chapters 2, 3 and 4. In chapter 2, the benefits of seasonal closures for 
Australian bass Percalates novemaculeata depended upon other implemented management actions 
that can influence the spatio-temporal distribution of the bass population, such as removing barriers 
and restoring river flow regimes. While closing spawning grounds kept higher population 
abundance when river flows were high, shifting seasonal closures to feeding grounds could 
maintain higher population abundances under low flow regimes when fishing effort was also 
controlled. I further demonstrated how interactions between stressors could change the cost-
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effectiveness of corresponding actions in chapter 3. For example, the cost-effectiveness of reducing 
fishing pressure was higher than barrier removal if river flows were medium to high. However, 
restoring connectivity became more cost-effective under low flow regimes. The priority of where to 
remove dams that blocked the most suitable habitats for Australian grayling Prototroctes maraena 
varied while climate change altered the spatial distribution of suitable feeding and nursery habitats 
(chapter 4). The results from this thesis helped to disentangle the interaction between disturbances 
and provide suggestions for corresponding actions. 
 
Besides the dynamic distribution of species or populations, stressors (natural perturbations and 
human disturbances) can be spatio-temporally dynamic as well (Van Teeffelen, Vos & Opdam 
2012). Ignoring such dynamics can lead to ineffective management (Fulton et al. 2011). I evaluated 
the dynamics of human (e.g., fishing displacement) and climate (e.g., continuous climate change) 
stressors in chapters 2 to 4 and assessed how these dynamics influence the effectiveness of 
management actions. However, climate change can also influence the spaio-temporal dynamics of 
human disturbances. Studies suggest that more effort should be put on understanding human 
responses to climate change and discrete climate impacts (Jones et al. 2016). The spatial 
distribution of human activities like different land-use and resource extraction pattern may change 
through time and so alter the impacts on wildlife (Turner et al. 2010). Studies that incorporate the 
spatio-temporal dynamics of stressors are needed to provide more robust conservation plans in a 
changing world (Meir, Andelman & Possingham 2004; Van Teeffelen, Vos & Opdam 2012). 
 
6.3.3 Choosing appropriate scales 
The mismatch in spatial, temporal and functional scales has been recognized as a common problem 
in ineffective conservation planning (Guerrero et al. 2013). The wide geographic range and 
dynamic distribution across ecosystems and jurisdictions make scaling crucial, particularly when 
conserving migratory species (e.g., Berkes 2006). In addition, the conservation actions 
available/required may vary with targeting different ecological, geographic and management scales. 
Therefore, chapters in this thesis were designed to assess the impacts of stressors and evaluated the 
effectiveness of corresponding actions across population, species and community levels (Table 6.2).  
 
More detailed information is needed to simulate the dynamics of population abundance in a finer 
scale. For example, fish demographic, fish movement, fishing mortality, and angler behavior data 
could influence the outcome of bass management (chapters 2 & 3). I used population models to 
assess population abundance change after implementing seasonal closures, restoring river flow and 
removing barriers. However, population models also require relatively detailed biological, 
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ecological and environmental data. Value of information analysis can help to address key 
information that required for improving management outcomes (Runge, Converse & Lyons 2011) 
as discussed in 6.3.1. 
 
The migration pattern of focal species can be used to help select appropriate ecological scales for 
management. Comparing to previous studies of anadromous species such as salmon and sturgeon, 
here I propose a set of scales for managing diadromous fish according to migration patterns and 
population structures (Table 6.5). In general, species spawning in freshwater habitats with some 
degree of homing behavior have more complex genetic structure than species spawning in marine 
ecosystem or species that can disperse in marine ecosystem, while intermediate structure 
complexity is found in species spawning in estuaries (Chenoweth & Hughes 1997; Jerry 1997; 
Schmidt et al. 2011). Both ecological characteristics and genetic structure can be used to identify 
evolutionarily significant units (i.e., a genetically distinct population unit that deserves separate 
management and has a high priority for conservation) within a species, which may help to secure 
the long-term persistence (Crandall et al. 2000). 
 
Table 6.5 Types of diadromy and recommended scales for conservation. *were derived from discussions in Chenoweth 
& Hughes (1997), Jerry (1997), Schmidt et al. (2011), Hammer, Adams, & Hughes (2013) and Koehn & Crook (2013). 
 Anadromy Catadromy Catadromy Amphidromy 
Ecological characteristics 
Spawning ground River Estuary Sea River 
Nursery ground River Estuary Sea Sea 
Genetic/population 
structure complexity* 
High Medium Low Low 
Recommended management scale 
Geographic scale Single river 
catchment 
Adjacent river 
catchments 
Multiple river 
catchments 
Multiple river 
catchments 
Possible management 
authorities involved 
Local/regional  Local/regional  Regional/national/
international 
Regional/national/
international 
Example Salmonid Australian bass 
(chapters 2 & 3) 
Freshwater eel 
(chapter 5) 
Australian 
grayling (chapters 
4 & 5) 
 
 
Genetic structure provides fundamental information for defining managing scale in fishery 
management (Begg, Friedland & Pearce 1999) and wildlife conservation (Crandall et al. 2000). 
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Species with higher genetic complexity among populations such as anadromous salmonids may 
require a finer scaled assessment and management as shown in Table 6.5 because local extinction 
can cause a huge loss in genetic diversity and reduce the stability provided by the portfolio effect 
(Schindler et al. 2010; Rand et al. 2012). On the contrary, regional or even international 
cooperation will be required for the conservation of amphidromous and catadromous species like 
freshwater eels and Australian grayling (Jacoby et al. 2015). In such cases, fish might have the 
ability to recolonize restored habitats after local extinctions if there are sufficient source populations 
(Schmidt et al. 2011). Because the complexity of genetic structure may relate to migration patterns 
in diadromous fish (Table 6.4), migration behavior can be used to guide appropriate scales for 
conserving understudied species such as non-salmonid fish. 
 
While managing a single population or species (e.g., chapter 2 to 4) is a common approach in 
fisheries management and species conservation (White et al. 2013; Möllmann et al. 2014), it might 
fail to protect another species (White et al. 2013) or even cause the decline of non-target species 
(Beechie et al. 2008) when ignoring ecosystem context. As a result, I assessed the impacts of 
multiple disturbances on fish community structure in chapter 5. 
 
For project that managing larger ecological, geographical and management scales, detailed 
ecological or environmental data may not be available for all populations or species included (e.g., 
chapters 4 & 5). Instead of assessing local population dynamics, conservation project with large 
scales could target on conserving biodiversity surrogates (Grantham et al. 2010) such as suitable 
habitats (chapter 4) or community structure (chapter 5). Some tools have been developed to 
incorporate species-species interaction and ecosystem context into species distribution modeling 
(e.g., joint species distribution models in Pollock et al. 2014) and fisheries management (e.g., 
ecosystem models in Essington & Plagányi 2013) as show in Table 6.3. Ecosystem-based 
approaches including ecological, environmental, and socio-economic dimensions can provide a 
more holistic view for natural resource management and conservation (Nel et al. 2014; Plagányi et 
al. 2014). 
 
6.4 Concluding comments  
 
Diadromous fish serve as an important linkage between marine and freshwater ecosystems, and 
contribute to both ecosystem functioning and human well-being. One of the major challenges to 
conserve and manage diadromous fish and other migratory species is to assess how impacts from 
stressors that occur throughout migratory life cycle affect the overall population dynamics and 
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species persistence. Understanding the spatio-temporal dynamics of target population/species and 
stressors is the key to disentangle the combined impact and design comprehensive management 
actions because spatial, temporal and functional scale mismatch may reduce the effectiveness of 
conservation plans. 
 
This thesis demonstrated the use of different ecological methods to reveal and quantify the impacts 
from multiple stressors and the interaction between them across various scales and data availability. 
It also evaluated the expected effectiveness of implemented or possible management actions. 
Further studies that can fill remaining knowledge gaps in life history, relationships between 
population/species and environmental variables or disturbances, and species-species interactions in 
many non-salmon species will benefit future conservation planning. In addition, adaptive 
management and value of information analysis provide a promising way to deal with uncertainties. 
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APPENDIX 
Table 1. Survey site and species records in Fijian rivers. *Site code contains river reach, river 
abbreviation, forest cover and with or without overhanging culvert. For example, Up.ND.57.C 
represents “upper reach”, “ND river”, “57% of forest cover and “with culvert” while Low.KD.80 
represents “lower reach”, “KD river”, “80% of forest cover” and “without culvert”.  
Site code* Species 
Up.ND.57.C Redigobius sp. 
Up.NW.57.C Glossogobius sp., Redigobius sp., Oreochromis sp. 
Mid.BD.57.C Gambusia affinis, Kuhlia rupestris, Redigobius sp. Oreochromis sp. 
Mid.BW.57.C Redigobius leveri 
Mid.ND.29.C 
Anguilla marmorata, Awaous guamensis, Awaous ocellaris, Bunaka gyrinoides, 
Eleotris fusca, Kuhlia marginata, Redigobius sp., Sicyopterus lagocephalus, 
Stiphodon sp. 
Mid.NW.29.C 
Anguilla marmorata, Eleotris fusca, Eleotris melanosoma, Mugilogobius notospilus, 
Sicyopterus lagocephalus 
Up.VD.57.C Anguilla marmorata, Kuhlia rupestris, Moringua macrocephalus, Redigobius sp. 
Up.VW.57.C Anguilla marmorata 
Low.DD.57 
Ambassis miops, Apogon amboinensis, Butis butis, Carangoides chrysophrys, Chelon 
melinopterus, Chelonodon patoca, Chirocentrus dorab, Cristatogobius 
aurimaculatus, Drombus halei, Glossogobius sp., Leiognathus equulus, Leiognathus 
splendens, Liza macrolepis, Lutjanus johnii, Lutjanus russellii, Monodactylus 
argenteus, Oxyurichthys ophthalmonema, Redigobius bikolanus, Stolephorus 
insularis, Terapon jarbua, Uroconger sp., Zenarchopterus dispar 
Low.DD2.57 
Apogon amboinensis, Butis butis , Chelonodon patoca, Cristatogobius aurimaculatus, 
Drombus halei, Lutjanus johnii, Lutjanus russellii, Redigobius bikolanus, Stolephorus 
insularis, Terapon jarbua, Uroconger sp., Zenarchopterus dispar 
Low.DW.57 
Butis amboinensis, Caranx papuensis, Glossogobius bicirrhosus, Hippichthys sp., 
Leiognathus splendens, Liza.sp., Ophiocara porocephala, Psammogobius biocellatus, 
Siganus vermiculatus 
Low.DW2.57 
Ambassis miops, Butis butis, Caragobius urolepis, Carangoides chrysophrys, 
Leiognathus equulus, Pandaka sp., Periophthalmus argentilineatus, Zenarchopterus 
dispar 
Mid.TD.47.C 
Ambassis miops, Anguilla marmorata, Glossogobius sp., Hypseleotris guentheri, 
Kuhlia rupestris, Megalops cyprinoides, Oreochromis sp. 
Mid.TW.47.C 
Ambassis miops, Anguilla marmorata, Eleotris fusca, Eleotris melanosoma, 
Glossogobius sp., Hypseleotris guentheri, Kuhlia marginata, Kuhlia rupestris, 
Microphis brachyurus, Stenogobius sp. 
Up.TD.47.C 
Anguilla marmorata, Glossogobius sp., Sicyopterus lagocephalus, Stiphodon 
rutilaureus 
Up.TW.47.C Anguilla marmorata 
Mid.QD.54.C Gambusia affinis, Hypseleotris guentheri, Sicyopterus.lagocephalus, Oreochromis sp. 
Mid.QW.54.C Gambusia affinis, Microphis retzii, Oreochromis sp. 
Up.QD.54.C 
Anguilla marmorata, Glossogobius sp., Hypseleotris guentheri, Sicyopterus 
lagocephalus 
Up.QW.54.C Anguilla marmorata 
Mid.LD.61.C Anguilla marmorata, Awaous guamensis, Awaous ocellaris, Bunaka gyrinoides, 
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Hypseleotris guentheri, Kuhlia marginata, Kuhlia rupestris, Microphis leiaspis, 
Oreochromis sp. 
Mid.LW.61.C Anguilla marmorata, Awaous guamensis, Eleotris fusca,  Oreochromis sp. 
Up.LD.61.C Awaous ocellaris, Eleotris fusca, Glossogobius sp., Kuhlia rupestris, Oreochromis sp. 
Up.LW.61.C Anguilla marmorata, Oreochromis sp. 
Up.LW.57.C 
Anguilla marmorata, Anguilla megastoma, Awaous guamensis, Bunaka gyrinoides, 
Redigobius sp. 
Low.KD.80 
 
Low.KW.80 
Ambassis miops, Butis butis, Caragobius urolepis, Chilomycterus reticulatus, 
Cristatogobius aurimaculatus, Ctenogobiops aurocingulus, Foa fo, Gazza.minuta, 
Hyporhamphus dussumieri, Lamnostoma kampeni, Leiognathus splendens, Liza 
subviridis, Lutjanus argentimaculatus, Lutjanus fulvus, Mugil cephalus, Oxyurichthys 
ophthalmonema, Periophthalmus argentilineatus, Pisodonophis cancrivorus, 
Psammogobius biocellatus, Sphyraena obtusata, Terapon jarbua, Thryssa baelama, 
Yongeichthys nebulosus, Zenarchopterus dispar 
Low.KW2.80 
Bathygobius coalitus, Butis butis, Caragobius urolepis, Chilomycterus reticulatus, 
Leiognathus equulus, Lutjanus russellii, Ophiocara porocephala, Pandaka sp., 
Periophthalmus argentilineatus, Psammogobius biocellatus, Redigobius roemeri, 
Siganus vermiculatus 
Mid.KD.80.C 
Ambassis miops, Eleotris fusca, Hypseleotris guentheri, Microphis retzii, Ophiocara 
porocephala, Stenogobius sp. 
Mid.KD2.80.C Ambassis miops, Hypseleotris guentheri, Microphis brachyurus, Stenogobius sp. 
Mid.KW.80.C 
Ambassis miops, Awaous ocellaris, Eleotris fusca, Hypseleotris guentheri, Kuhlia 
munda, Kuhlia rupestris, Microphis brachyurus, Microphis retzii, Zenarchopterus 
dispar 
Mid.KW2.80.C 
Ambassis miops, Bunaka gyrinoides, Butis butis, Caranx sexfasciatus, Eleotris fusca, 
Gymnothorax polyuranodon, Hypseleotris guentheri, Microphis.brachyurus, 
Microphis retzii, Stenogobius sp. 
Up.KD.80.C Sicyopterus lagocephalus 
Up.KD2.80.C Redigobius leveri, Sicyopterus lagocephalus, Sicyopus zosterophorum, Stiphodon sp.1 
Up.KW.80.C Eleotris fusca, Sicyopus zosterophorum, Stiphodon.sp.1 
Up.KW2.80.C Redigobius leveri, Sicyopus zosterophorum, Stiphodon sp.1 
Low.SD.72 
Caranx sexfasciatus, Gerres sp., Leiognathus equulus, Upeneus vittatus, 
Zenarchopterus dispar 
Low.SW.72 Apogon amboinensis, Glossogobius sp., Periophthalmus kalolo, Redigobius roemeri 
Low.SW2.72 
Apogon amboinensis, Butis amboinensis, Caragobius urolepis, Chelon melinopterus, 
Chilomycterus reticulatus, Cristatogobius aurimaculatus, Ctenogobiops 
aurocingulus, Glossogobius sp., Mugil cephalus, Oxyurichthys ophthalmonema, 
Sphyraena obtusata, Uropterygius concolor 
Mid.SD.72.C 
Eleotris fusca, Gymnothorax polyuranodon, Hypseleotris guentheri, Kuhlia munda, 
Microphis retzii, Sicyopterus lagocephalus 
Mid.SD2.72.C 
Apogon lateralis, Gymnothorax polyuranodon, Liza subviridis, Lutjanus 
monostigma , Microphis brachyurus, Psammogobius biocellatus, Redigobius roemeri 
Mid.SW.72.C 
Eleotris fusca, Eleotris melanosoma, Giuris margaritacea, Hypseleotris guentheri, 
Kuhlia marginata, Kuhlia munda, Kuhlia rupestris, Microphis retzii 
Mid.SW2.72.C 
Ambassis miops, Hypseleotris guentheri, Kuhlia marginata, Kuhlia munda, Kuhlia 
rupestris, Microphis retzii, Ophiocara porocephala, Zenarchopterus dispar 
Up.SD.72.C 
Eleotris fusca, Glossogobius sp., Hypseleotris guentheri, Kuhlia marginata, Kuhlia 
munda, Kuhlia rupestris 
Up.SD2.72.C 
Anguilla marmorata, Awaous ocellaris, Eleotris melanosoma, Glossogobius sp., 
Gymnothorax polyuranodon, Hypseleotris guentheri, Lamnostoma kampeni, Sicyopus 
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zosterophorum 
Up.SW.72.C 
Anguilla marmorata, Butis butis , Eleotris fusca, Giuris margaritacea, 
Hypseleotris.guentheri, Kuhlia munda, Stenogobius sp. 
Up.SW2.72.C 
Anguilla marmorata, Butis butis, Eleotris fusca, Eleotris melanosoma, Giuris 
margaritacea, Glossogobius sp., Hypseleotris guentheri, Kuhlia munda , Lamnostoma 
kampeni, Microphis retzii, Ophiocara porocephala 
Mid.T.84 
Akihito sp., Anguilla marmorata, Awaous ocellaris, Belobranchus belobranchus, 
Caranx sexfasciatus, Eleotris fusca, Eleotris melanosoma, Giuris margaritacea, 
Glossogobius sp., Hypseleotris guentheri, Kuhlia marginata, Kuhlia rupestris, 
Lentipes kaaea, Microphis leiaspis, Redigobius leveri, Schismatogobius vitiensis, 
Sicyopterus lagocephalus , Stenogobius sp. , Stiphodon rutilaureus, Stiphodon sp.1, 
Stiphodon sp.2 
Lower.T.84 
Ambassis miops, Anguilla marmorata, Arothron reticularis, Belobranchus 
belobranchus, Caranx papuensis, Caranx sexfasciatus, Diodon liturosus, Eleotris 
fusca, Eleotris melanosoma, Giuris margaritacea, Glossogobius sp., Gymnothorax 
polyuranodon, Hyporhamphus dussumieri, Hypseleotris guentheri, Kuhlia marginata, 
Kuhlia munda, Kuhlia rupestris, Lamnostoma bicolor, Leiognathus fasciatus, 
Lethrinus harak, Liza subviridis, Lutjanus argentimaculatus, Lutjanus fulviflamma, 
Lutjanus fulvus, Lutjanus russellii, Mesopristes kneri, Microphis brachyurus, 
Microphis brevidorsalis, Monodactylus argenteus, Parupeneus indicus, 
Periophthalmus argentilineatus, Plectorhinchus gibbosus, Psammogobius 
biocellatus, Redigobius bikolanus, Redigobius leveri, Sicyopterus lagocephalus, 
Siganus vermiculatus, Stenogobius sp., Stiphodon rutilaureus , Stiphodon sp.1, 
Stiphodon sp.2, Terapon jarbua, Upeneus vittatus, Zenarchopterus dispar 
Mid.W.84 
Akihito sp., Anguilla bicolor, Anguilla marmorata, Eleotris fusca, Eleotris 
melanosoma, Lentipes kaaea, Schismatogobius vitiensis, Sicyopterus lagocephalus, 
Sicyopus c.f Juxtastiphodon sp., Sicyopus zosterophorum, Stenogobius sp., Stiphodon 
rutilaureus, Stiphodon sp.1, Stiphodon sp.2 
Mid.B.84 
Anguilla marmorata, Awaous ocellaris, Caranx sexfasciatus, Eleotris melanosoma, 
Glossogobius bicirrhosus, Glossogobius sp., Hypseleotris guentheri, Kuhlia 
marginata, Kuhlia munda, Kuhlia rupestris, Lutjanus argentimaculatus, Redigobius 
leveri, Schismatogobius vitiensis, Stenogobius sp., Stiphodon rutilaureus, Stiphodon 
sp.1, Stiphodon sp.2 
Mid.W.80 
Anguilla marmorata, Eleotris fusca, Glossogobius sp., Kuhlia munda, Kuhlia 
rupestris, Redigobius leveri, Sicyopterus lagocephalus, Sicyopus zosterophorum, 
Stenogobius sp., Stiphodon sp.1, Stiphodon sp.2 
Mid.K.80 
Ambassis miops, Anguilla marmorata, Awaous ocellaris, Bunaka gyrinoides, Butis 
amboinensis, Caranx sexfasciatus, Eleotris fusca, Eleotris melanosoma, Giuris 
margaritacea, Gymnothorax polyuranodon, Hypseleotris guentheri, Kuhlia 
marginata, Kuhlia munda, Kuhlia rupestris, Lutjanus argentimaculatus, Microphis 
brachyurus, Microphis leiaspis, Microphis retzii, Ophiocara porocephala, 
Sicyopterus lagocephalus, Sicyopus zosterophorum, Stenogobius sp., Stiphodon sp..2, 
Zenarchopterus dispar 
Lower.K.80 
Ambassis miops, Apogon amboinensis, Apogon lateralis, Arothron immaculatus, 
Arothron reticularis, Butis butis, Caragobius urolepis, Carcharhinus leucas, Chelon 
melinopterus, Cristatogobius aurimaculatus, Ctenogobiops aurocingulus, Diodon 
liturosus, Eleotris fusca, Eleotris melanosoma, Foa fo, Gazza minuta ,Hyporhamphus 
dussumieri, Hypseleotris guentheri, Lamnostoma kampeni, Leiognathus equulus, 
Leiognathus splendens, Liza subviridis, Lutjanus argentimaculatus, Lutjanus fulvus, 
Lutjanus russellii, Microphis brachyurus, Mugil cephalus, Ophiocara porocephala, 
Oxyurichthys tentacularis, Pandaka sp., Periophthalmus argentilineatus, 
Periophthalmus kalolo, Pisodonophis cancrivorus , Psammogobius biocellatus, 
Redigobius roemeri , Sicyopterus lagocephalus, Siganus vermiculatus, Sphyraena 
obtusata, Stenogobius sp., Terapon jarbua , Thryssa baelama, Yongeichthys 
nebulosus, Zenarchopterus dispar 
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Mid.N.80 
Anguilla marmorata, Awaous ocellaris, Eleotris melanosoma, Gymnothorax 
polyuranodon, Kuhlia marginata, Kuhlia rupestris, Lamnostoma kampeni, 
Redigobius leveri, Schismatogobius vitiensis, Sicyopterus lagocephalus, Stenogobius 
sp., Oreochromis sp. 
Mid.S.72 
Ambassis miops, Bunaka gyrinoides, Eleotris fusca, Eleotris melanosoma, Giuris 
margaritacea, Gymnothorax polyuranodon, Hypseleotris guentheri, Kuhlia 
marginata, Kuhlia munda, Kuhlia rupestris, Microphis leiaspis, Microphis retzii, 
Ophiocara porocephala, Redigobius bikolanus, Sicyopterus lagocephalus, 
Zenarchopterus dispar 
Lower.S.72 
Acentrogobius caninus, Apogon amboinensis, Apogon lateralis, Bathygobius fuscus, 
Butis amboinensis, Caragobius urolepis, Caranx papuensis, Chelon melinopterus, 
Cristatogobius aurimaculatus, Ctenogobiops aurocingulus, Gerres filamentosus, 
Gerres longirostris, Glossogobius sp., Gymnothorax polyuranodon, Leiognathus 
equulus, Leiognathus splendens, Liza subviridis, Liza vaigiensis, Lutjanus 
argentimaculatus, Lutjanus fulvus, Megalops cyprinoides, Microphis brachyurus, 
Mugil cephalus, Muraenesox cinereus, Oxyurichthys ophthalmonema, 
Periophthalmus argentilineatus, Periophthalmus kalolo, Redigobius bikolanus, 
Redigobius roemeri, Sphyraena obtusata, Upeneus sulphureus, Upeneus vittatus, 
Uropterygius concolor 
Mid.N.71 
Anguilla bicolor, Giuris margaritacea, Gymnothorax polyuranodon, Hypseleotris 
guentheri, Kuhlia marginata, Kuhlia rupestris, Microphis leiaspis, Microphis retzii, 
Sicyopterus lagocephalus, Stenogobius sp., Oreochromis sp. 
Mid.S.68 
Ambassis miops, Anguilla marmorata, Anguilla megastoma, Awaous ocellaris, 
Eleotris fusca, Eleotris melanosoma, Gambusia affinis, Giuris margaritacea, 
Glossogobius sp., Hypseleotris guentheri, Kuhlia marginata, Kuhlia munda, Kuhlia 
rupestris, Microphis leiaspis, Microphis retzii, Psammogobius biocellatus, 
Redigobius leveri, Schismatogobius vitiensis, Sicyopterus lagocephalus, Stenogobius 
sp., Stiphodon sp.1, Yirrkala gjellerupi 
Lower.S.68 
Ambassis miops, Anguilla bicolor, Anguilla marmorata, Apogon amboinensis, 
Apogon lateralis, Arothron reticularis, Awaous ocellaris, Bostrychus sinensis, 
Bunaka gyrinoides, Caranx sexfasciatus, Eleotris fusca, Eleotris melanosoma, 
Gambusia affinis, Gerres longirostris, Giuris margaritacea, Glossogobius sp., 
Hypseleotris guentheri, Kuhlia marginata, Kuhlia munda, Kuhlia rupestris, 
Lamnostoma kampeni, Leiognathus equulus, Leiognathus fasciatus, Liza subviridis, 
Lutjanus argentimaculatus, Lutjanus fulvus, Lutjanus russellii, Microphis brachyurus 
Monodactylus argenteus, Mugil cephalus, Ophiocara porocephala, Psammogobius 
biocellatus, Scatophagus argus, Siganus vermiculatus, Stenogobius sp., Stolephorus 
indicus, Tetraroge niger, Upeneus vittatus, Zenarchopterus dispar 
Mid.L.64 
Anguilla marmorata, Awaous ocellaris , Belobranchus belobranchus, Eleotris 
melanosoma, Hypseleotris guentheri, Kuhlia marginata, Kuhlia munda, Kuhlia 
rupestris, Redigobius leveri, Sicyopterus lagocephalus, Sicyopus zosterophorum, 
Stiphodon sp.1, Stiphodon sp.2 
Lower.L.64 
Ambassis miops, Anguilla marmorata, Caranx sexfasciatus, Kuhlia munda, Lutjanus 
fulvus, Lutjanus russellii, Microphis argulus, Microphis brachyurus, Sicyopterus 
lagocephalus, Sphyraena obtusata, Terapon jarbua 
Mid.D.64 Sicyopterus lagocephalus, Sicyopus zosterophorum, Stiphodon sp.2, Oreochromis sp. 
Mid.N.64 
Anguilla marmorata, Belobranchus belobranchus, Eleotris fusca, Eleotris 
melanosoma, Kuhlia marginata, Kuhlia munda, Kuhlia rupestris, Redigobius leveri, 
Sicyopterus lagocephalus, Stiphodon sp.1, Stiphodon sp.2 
Mid.K.61 
Bunaka gyrinoides, Caranx papuensis, Caranx sexfasciatus, Eleotris fusca, Gambusia 
affinis, Giuris margaritacea Hypseleotris guentheri, Kuhlia marginata, Kuhlia 
rupestris, Microphis leiaspis, Microphis retzii, Oxyeleotris marmorata, Sicyopterus 
lagocephalus, Sicyopus zosterophorum, Stenogobius sp, Xiphophorus hellerii, 
Oreochromis sp. 
Lower.K.61 
Ambassis miops, Anguilla bicolor, Awaous ocellaris, Bunaka gyrinoides, Caranx 
papuensis, Caranx sexfasciatus, Eleotris fusca, Eleotris melanosoma, Gambusia 
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affinis, Giuris margaritacea, Gymnothorax polyuranodon, Hypseleotris guentheri, 
Kuhlia rupestris, Lutjanus argentimaculatus, Mesopristes kneri, Microphis 
brachyurus, Microphis leiaspis, Microphis retzii , Ophiocara porocephala, 
Oxyeleotris marmorata, Periophthalmus kalolo, Psammogobius biocellatus, 
Sardinella fijiense, Stenogobius sp., Terapon jarbua, Xiphophorus hellerii , 
Zenarchopterus dispar, Oreochromis sp. 
Mid.L.61 
Anguilla.marmorata, Awaous.ocellaris, Bunaka gyrinoides, Hypseleotris guentheri, 
Kuhlia marginata, Microphis.leiaspis, Moringua.macrocephalus, Oreochromis sp. 
Mid.D.57 Gambusia affinis, Moringua macrocephalus, Oreochromis sp. 
Lower.D.57 
Ambassis miops, Apogon amboinensis, Butis butis, Caranx papuensis, Caranx tille, 
Chelon melinopterus, Chirocentrus dorab, Cristatogobius aurimaculatus, Diodon 
liturosus, Drombus halei, Glossogobius sp., Leiognathus equulus, Leiognathus 
splendens, Liza macrolepis, Liza subviridis, Lutjanus johnii, Lutjanus russellii, 
Monodactylus argenteus, Oxyurichthys ophthalmonema, Stolephorus indicus, 
Uroconger sp., Zenarchopterus dispar  
Mid.Q.54 Gambusia.affinis, Hypseleotris.guentheri, Sicyopterus.lagocephalus, Oreochromis sp. 
Mid.T.47 
Ambassis miops, Anguilla marmorata, Glossogobius bicirrhosus, Hypseleotris 
guentheri, Megalops cyprinoides, Moringua macrocephalus, Oreochromis sp. 
Mid.B.29 Gambusia.affinis, Oreochromis sp. 
Lower.W.01 Ambassis miops, Hypseleotris guentheri, Redigobius bikolanus, Oreochromis sp. 
Mid.W.01 Ambassis miops, Hypseleotris guentheri, Oreochromis sp. 
Mid.M.29 
Anguilla marmorata, Awaous guamensis, Awaous ocellaris, Bunaka gyrinoides, 
Eleotris fusca, Eleotris melanosoma, Kuhlia marginata, Redigobius sp., Sicyopterus 
lagocephalus, Stiphodon sp.2 
Mid.W1.72.C 
Anguilla marmorata, Anguilla obscura, Eleotris fusca, Eleotris melanosoma, 
Sicyopus zosterophorum 
Mid.W18.72.C Anguilla marmorata, Eleotris fusca, Redigobius leveri 
Mid.W23.92 
Eleotris fusca, Giuris margaritacea, Hypseleotris guentheri, Kuhlia marginata, 
Kuhlia rupestris, Stenogobius sp., Stiphodon sp.1 
Mid.W5.92 
Eleotris fusca, Hypseleotris guentheri, Redigobius leveri, Schismatogobius vitiensis, 
Stiphodon sp.1 
Mid.W21.64 
Ambassis miops, Anguilla marmorata, Apogon lateralis, Butis butis, Eleotris fusca, 
Eleotris melanosoma, Giuris margaritacea, Hypseleotris guentheri, Kuhlia 
marginata, Kuhlia munda, Kuhlia rupestris, Liza vaigiensis, Lutjanus 
argentimaculatus , Microphis brachyurus, Moringua macrochir, Ophiocara 
porocephala, Periophthalmus kalolo, Redigobius bikolanus, Scatophagus argus, 
Siganus vermiculatus, Sphyraena flavicauda, Zenarchopterus dispar 
Mid.W20N.61.
C 
Anguilla marmorata, Eleotris fusca, Giuris margaritacea, Kuhlia marginata, 
Sicyopus zosterophorum 
Mid.W19.87 
Anguilla marmorata, Eleotris fusca, Giuris margaritacea, Gymnothorax 
polyuranodon, Kuhlia rupestris, Redigobius leveri, Sicyopus zosterophorum 
Mid.W3.87 
Anguilla marmorata, Anguilla obscura, Eleotris fusca, Giuris margaritacea, Kuhlia 
rupestris, Redigobius leveri 
Mid.WN3.67 
Anguilla marmorata, Eleotris fusca, Eleotris melanosoma, Kuhlia rupestris, 
Redigobius leveri, Stiphodon sp.1 
Mid.W28.68.C Anguilla megastoma, Eleotris fusca 
Mid.W2.68 
Anguilla marmorata, Eleotris fusca, Eleotris melanosoma, Giuris margaritacea, 
Kuhlia rupestris, Redigobius leveri 
Mid.W4.76 
Eleotris fusca, Giuris margaritacea, Hypseleotris guentheri, Kuhlia rupestris, 
Sicyopus zosterophorum, Stiphodon rutilaureus, Stiphodon sp.1 
Mid.W22.76 
Anguilla obscura, Eleotris fusca, Eleotris melanosoma, Giuris margaritacea, Kuhlia 
rupestris, Sicyopus zosterophorum, Stiphodon sp.1 
Appendix 
 
 128 
 
 
 
 
 
 
 
 
  
Mid.K24.60 
Anguilla marmorata, Awaous guamensis, Eleotris fusca, Giuris margaritacea , 
Gymnothorax polyuranodon, Hypseleotris guentheri, Kuhlia marginata, Kuhlia 
rupestris 
Mid.K9.60 
Anguilla marmorata, Eleotris fusca, Giuris margaritacea, Hypseleotris guentheri, 
Kuhlia marginata, Kuhlia rupestris, Redigobius leveri 
Mid.K25.72.C Anguilla marmorata, Eleotris fusca, Giuris margaritacea, Hypseleotris guentheri, 
Mid.K8.72 
Ambassis miops, Anguilla marmorata, Butis butis, Eleotris fusca, Giuris 
margaritacea, Glossogobius sp., Gymnothorax polyuranodon, Hypseleotris guentheri, 
Kuhlia munda, Microphis brachyurus, Ophiocara porocephala, Stenogobius sp., 
Yirrkala sp. 
Mid.K..51.C Anguilla marmorata, Giuris margaritace 
Mid.K26.88.C Eleotris fusca, Giuris margaritacea, Redigobius leveri 
Mid.K7.88.C Eleotris fusca, Giuris margaritacea, Redigobius leveri 
Mid.K30.38.C Anguilla marmorata, Anguilla megastoma, Eleotris fusca, Giuris margaritacea 
Mid.K29.38 
Ambassis miops, nguilla megastoma, Eleotris fusca, Giuris margaritacea, 
Glossogobius sp., Gymnothorax polyuranodon , Hypseleotris guentheri, Kuhlia 
marginata , Kuhlia munda, Kuhlia rupestris, Microphis brachyurus, Zenarchopterus 
dispar 
Mid.S16.7 Anguilla marmorata, Anguilla megastoma, Eleotris fusca, Giuris margaritacea 
Mid.S11.7 
Anguilla megastoma, Anguilla obscura, Eleotris fusca, Giuris margaritacea,  
Hypseleotris guentheri 
Mid.S12N.12 Anguilla obscura, Eleotris fusca 
Mid.S10N.08 
 Mid.M17N.09.
C Eleotris fusca, Kuhlia rupestris 
Mid.M15N.09.
C Anguilla megastoma, Sicyopterus lagocephalus 
Mid.M31.20.C 
 
Mid.M32.20.C Giuris margaritacea 
Mid.M14.04.C Anguilla megastoma, Anguilla obscura, Eleotris fusca 
Mid.M15.04.C Anguilla megastoma, Anguilla obscura, Eleotris fusca, Eleotris melanosoma 
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Table 2. Regression coefficients and p values from GLMs between trait groups and disturbances in 
low-reach sites. P value: *** < 0.001; ** < 0.01; * < 0.05; + < 0.1.  
 
 
 
 
  
Groups Forest cover p Culvert p Cichlids p 
# 1       
A 0.027  -  0.095  
B 0.033  -  -0.565  
C 0.036 + -  2.192 * 
D 0.092  -  2.708  
# 2       
E 0.029  -  1.219  
F 0.005  -  -17.150  
G 0.061  -  3.531  
H -  -  -  
I 0.017  -  -0.908  
J 0.056 * -  -0.223  
K 0.027  -  -0.444  
L 0.069  -  -16.250  
M 0.033  -  3.144  
N 0.134 + -  3.154 + 
O 0.061  -  3.547  
P 0.240  -  -13.020  
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Table 3. Regression coefficients and p values from GLMs between taxonomic groups and 
disturbances in mid/upper-reach sites. P value: *** < 0.001; ** < 0.01; * < 0.05; + < 0.1. AUC 
represent the means and standard errors of the AUC as calculated across all species within that 
group using Jackknife resampling.  
 
 
 
 
 
 
 
 
 
Groups Forest cover p Culvert p Cichlids p AUC (SE) 
Superorder        
Acanthopterygii 0.018 *** -0.912 *** -0.299  0.699 (0.027) 
Elopomorpha -0.002  -0.575 ** -0.152  0.577 (0.054) 
Order        
Syngnathiformes 0.040 * -0.320  0.764  0.575 (0.051) 
Mugiliformes 0.016  -0.428  -16.633  0.318 (0.091) 
Beloniformes 0.014  -1.254  -17.295  0.774 
Perciformes 0.017 *** -0.955 *** -0.350  0.706 (0.030) 
Elopiformes -0.031  0.512  19.521  0.931 
Anguilliformes -0.002  -0.598 ** -0.278  0.611(0.055) 
Suborder        
Syngnathoidei 0.040 * -0.320  0.764  0.575 (0.051) 
Mugiloidei 0.016  -0.428  -16.633  0.318 (0.091) 
Belonoidei 0.014  -1.254  -17.295  0.774 
Gobioidei 0.017 *** -0.908 *** -0.400 + 0.691 (0.040) 
Scombroidei 0.003  -19.085  -18.551  0.818 
Acanthuroidei 0.003  -18.419  -17.880  0.818 (0.000) 
Percoidei 0.019 * -1.092 *** -0.158  0.706 (0.042) 
Elopoidei -0.031  0.512  19.524  0.931 
Congroidei 0.064  -0.306  1.520  0.610 (0.137) 
Muraenoidei 0.035 + -1.158 + -0.346  0.751 
Anguilloidei -0.009 + -0.519 * -0.357  0.613 (0.069) 
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Table 3. Number of significant and near significant (within parentheses) relationships between trait 
or taxonomic groups and disturbances in low-reach sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Grouping (number of groups) Forest cover Culvert Cichlids 
Trait group    
# 1 (4) (1) - 1 
# 2 (11) 1 (1) - (1) 
Taxonomic group    
Superorder (4) (1) - 0 
Order (10) (1) - 1 
Suborder (15) 1 - 1 
